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forms equaled  or  exceeded  permissible  or  recommended  levels  at  least  part  of  the 
time.  Only  coliform  bacteria,  ammonia,  and  manganese  exceeded  present  Oklahoma 
stand^JjS  applicable  to  proposed  reservoir  uses.  Ammonia  would  not  be  expected 

Eo  reach  'i.oxic  concentrations  in  the  hypolimnion  of  Arcadia  Lake  or  interfere 
ith  project  purposes. 

Nutrient  "-evaluations  based  on  concentrations  and  loading  indicated  that  the 
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proposed  impoundment  would  be  eutrophic  and  that  algal  blooms  were  likely  to  oc- 
cur during  the  late  spring  and  summer  months.  Algal  bioassays  and  ecological 
no del  simulations  indicated  that  not  all  of  the  available  nutrients  would  be  used 
because  of  light  limitation.  Algal  blooms  are  expected  to  minimally  interfere 
vith  recreational  purposes  of  the  lake  because  surrounding  nutrient-rich 
Oklahoma  reservoirs  presently  receive  heavy  recreational  use  and  alternative, 
less  eutrophic  recreational  reservoirs  do  not  exist  in  the  project  area.  It 
vould  not  be  feasible  through  watershed  management  practices  or  reservoir  op- 
erational strategies  to  reduce  in-lake  nutrient  concentrations  sufficiently  to 
Jlimit  algal  growth.  Routine  chemical  treatments  are  not  feasible  nor  compatible 
With  all  project  purposes.  A capability  for  selective  withdrawal  of  municipal 
land  industrial  water  supply  releases  would  be  of  benefit  in  minimizing  treatment 
Icosts. 

Manganese  concentrations  and  occasionally  iron  concentrations  are  expected  tcj 
|exceed  drinking  water  standards  in  the  hypolimnion  and  headwaters  of  the  proposed 
impoundment.  Iron  and  manganese  would  be  less  likely  to  exceed  standards  in  the 
|epilimnion  near  the  dam.  Excessive  iron  and  manganese  would  not  be  a problem  in 
finished  water  supplies  if  the  potential  problem  is  recognized  in  the  design  of 
the  water  treatment  plant. 

Average  mercury  concentration  computed  over  all  samples  collected  near  Arcadi^ 
|was  ten  times  less  than  the  public  water  supply  criterion  but  exceeded  the  cri- 
terion for  the  protection  of  freshwater  aquatic  life.  Results  of  analyses  of  the 
hercury  content  of  fish  collected  in  the  Deep  Fork  River  indicated  body-burden 
concentrations  less  than  Food  and  Drug  Administration  (FDA)  and  Environmental 
protection  Agency  (EPA)  limits. 

Pesticides  would  not  be  expected  to  be  a water-quality  problem  in  Arcadia  Lak| 
[because  sorption  and  precipitation  would  reduce  concentrations  significantly  and 
[restricted  use  of  some  of  the  pesticides  has  been  implemented  or  is  proposed  by 
the  EPA.  Heptachlor  epoxide  concentrations  in  fish  exceeded  FDA  administrative 
guidelines.  However,  the  rare  occurrence  of  heptachlor,  the  failure  to  detect 
heptachlor  epoxide  in  Deep  Fork  River  water  samples,  the  failure  to  detect  hepta- 
chlor or  heptachlor  epoxide  in  river  sediments,  and  the  fact  that  the  EPA  has 
banned  the  distribution  and  use  of  the  pesticide  suggest  that  heptachlor  and  its 
degradation  products  will  not  exceed  criteria  in  the  proposed  impoundment. 
Detectable  phenol  concentrations  would  be  expected  to  occur  only  in  the  head- 
waters because  of  rapid  decay  and  dilution. 

Coliform  bacterial  contamination  would  be  limited  to  the  headwaters  of  the 
proposed  impoundment  during  base  flow.  Coliform  bacteria  might  occasionally  ex- 
ceed -tandards  in  the  lower  portions  of  the  pool,  following  major  storm  events  in 
the  watershed.  But  even  then  dilution  probably  would  prevent  concentrations  from 
exceeding  standards. 

The  impoundment  would  be  expected  to  exhibit  weak  thermal  stratification 
during  the  late  spring  and  summer  months.  Wind-mixing  would  determine  the  degree 
of  stratification.  Downstream  temperature  objectives  could  be  met  by  project  re- 
leases if  selective  withdrawal  were  practiced.  It  is  expected  that  dissolved 
oxygen  of  project  releases  will  be  approximately  80  to  90  percent  saturation  due 
to  reaeration  as  flows  pass  through  the  outlet  works  and  stilling  basin. 

If  Arcadia  Lake  is  constructed,  water-quality  data  collection  should  continu^ 
through  pre-  and  postimpoundment  in  order  to  provide  a basis  for  lake  management 
to  meet  intended  project  purposes 
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EXECUTIVE  SUMMARY 


The  proposed  Arcadia  Lake  would  be  formed  by  impoundment  of  the 
Deep  Fork  River  in  central  Oklahoma  east  of  Oklahoma  City.  Authorized 
project  purposes  are  flood  control,  municipal  and  industrial  water  sup- 
ply, and  recreation.  In  the  past,  the  Deep  Fork  River  received  efflu- 
ents from  sewage  treatment  plants,  lagoons,  industry,  several  small 
businesses,  and  nonpoint  source  contaminants  from  urban  land.  Oklahoma 
State  University  (OSU)  evaluated  the  water  quality  in  1973  and  reported 
that  10  constituents  often  exceeded  surface  water  criteria;  coliform 
counts  exceeded  recommended  standards;  and  nutrient  concentrations 
might  stimulate  algal  blooms.  After  publication  of  the  OSU  report, 
various  point  sources  of  contaminants  were  identified  and  diverted  into 
sanitary  sewer  systems,  and  other  diversions  are  planned.  The  present 
study  was  conducted  to  investigate  in  detail  possible  water-quality  prob- 
lems that  might  interfere  with  project  purposes  in  view  of  recent  and 
proposed  changes  in  the  watershed. 

Most  procedures  that  have  been  used  previously  to  evaluate  the  water 
quality  of  proposed  impoundments  possess  serious  deficiencies.  To  provide 
more  reliable  predictions,  a number  of  approaches  were  used  in  this 
study  to  address  the  same  basic  questions.  These  procedures  included 
(a)  evaluation  of  existing  data  and  previous  studies  of  streams  and 
lakes  in  the  project  area;  (b)  collection  and  evaluation  of  additional 
field  data;  (c)  determination  of  available  and  limiting  nutrients 
through  algal  bioassays;  (d)  establishment  of  relationships  between 
stream  discharges  and  loadings  of  nutrients,  metals,  and  pesticides 
based  on  stream  concentrations  and  land-use  patterns;  (e)  application  of 
various  mathematical  models;  and  (f)  comparison  of  predicted  or  measured 
results  with  existing  or  proposed  water-quality  criteria. 

A comparison  of  average  values  for  70  water-quality  parameters  in 
the  Deep  Fork  River  with  the  most  stringent  standard  or  criterion  indi- 
cated that  12  parameters  in  the  Deep  Fork  River  equaled  or  exceeded 
permissible  or  recommended  levels  at  least  part  of  the  time.  These 
parameters  were  ammonia,  manganese,  mercury,  DDT,  aldrin,  dieldrin, 
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chlordane,  heptachlor,  lindane,  PCB,  phenols,  and  fecal  coliforms. 

Only  three  parameters  in  this  list,  coliform  bacteria,  ammonia,  and 
manganese,  exceeded  present  Oklahoma  standards  applicable  to  the  use 
classification  of  the  Deep  Fork  River  or  to  proposed  reservoir  uses. 
Ammonia  would  not  be  expected  to  reach  toxic  concentrations  in  the  epi- 
limnion  of  Arcadia  Lake  or  to  interfere  with  project  purposes. 

Nutrient  evaluations,  using  several  approaches,  indicated  that  the 
proposed  impoundment  would  exceed  eutrophication  criteria  based  on  con- 
centrations and  loadings  and  that  algal  blooms  would  occur  during  the 
late  spring  and  summer  months.  However,  both  algal  bioassays  and  eco- 
logical model  simulations  indicated  that  not  all  of  the  available  nu- 
trients would  be  used  because  of  light  limitation.  Turbidity,  and 
therefore  light  availability,  in  Arcadia  Lake  would  not  be  expected  to 
be  different  from  conditions  in  several  existing  Oklahoma  reservoirs. 
Therefore,  algal  blooms  in  Arcadia  Lake  would  not  be  expected  to  be 
significantly  different  in  frequency  or  intensity  than  those  occurring 
in  surrounding  eutrophic  waters.  Future  land-use  changes  would  not  be 
expected  to  affect  lake  eutrophication  since  light  rather  than  nutrients 
would  be  the  limiting  factor.  Based  on  a limited  evaluation,  it  does 
not  appear  feasible  to  reduce  the  eutrophication  potential  of  Arcadia 
Lake  significantly  by  either  watershed  or  existing  in-lake  management 
techniques. 

Iron  and  manganese  concentrations  in  the  hypolimnion  of  Arcadia  Lake 
probably  would  exceed  public  water  supply  standards  during  summer  strati- 
fication. These  constituents  also  would  be  expected  to  exceed  standards 
occasionally  in  the  headwaters  of  the  impoundment.  Toxic  conditions  are 
not  expected.  Iron  and  manganese  would  be  less  likely  to  exceed  stand- 
ards in  the  epilimnion  near  the  dam.  The  selective  withdrawal  capability 
of  the  proposed  project  would  enable  project  operation  to  minimize  iron 
and  manganese  concentrations  in  water  supply  withdrawals  and  downstream 
releases.  Furthermore,  iron  and  manganese  would  not  be  a problem  in 
finished  water  supplies  if  the  potential  problem  were  recognized  in  the 
design  of  the  water  treatment  plant. 

Mercury  concentrations  in  the  Deep  Fork  River  were  less  than  public 
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water  supply  standards  but  occasionally  exceeded  Environmental  Protection 
Agency  (EPA)  proposed  aquatic  life  criteria.  Analysis  of  fish  collected 
near  the  proposed  damsite  indicated  that  mercury  in  fish  tissue  was  less 
than  Food  and  Drug  Administration  (FDA)  limits  for  fish  flesh  mercury 
content  and  the  EPA's  proposed  criterion  for  the  protection  of  fresh- 
water aquatic  life. 

Earlier  studies  of  the  Deep  Fork  River  concluded  that  lead  would  be 
a water-quality  problem  in  the  proposed  impoundment.  This  conclusion  was 
based  on  a technically  invalid  comparison  of  total  lead  concentrations 
with  standards  derived  from  studies  using  dissolved  lead.  A comparison 
using  dissolved  lead  concentrations  indicates  that  soluble  lead  is  10 
times  lower  than  the  standard.  It  is  concluded  that  lead  would  not  be  a 
water-quality  problem  in  the  proposed  impoundment  at  Arcadia.  Analysis 
of  lead  content  in  fish  flesh  substantiates  this  conclusion. 

Comparisons  of  trace  metal  concentrations  in  surrounding  impound- 
ments indicated  that  the  impoundments  had  similar  or  lower  concentra- 
tions than  their  tributary  waters.  This  suggests  that  accumulation  of 
metals  would  not  occur  in  the  water  column  of  Arcadia  Lake. 

Pesticides  would  not  be  anticipated  to  be  a water-quality  problem 
in  Arcadia  Lake  for  the  following  reasons:  (a)  sorption  and  precipita- 

tion would  be  expected  to  reduce  concentrations  significantly;  (b)  sur- 
rounding reservoirs  do  not  show  buildup  in  the  water  column,  providing 
some  support  to  the  hypothesis  that  significant  concentrations  would  not 
occur  in  Arcadia  Lake;  and  (c)  restricted  use  of  some  of  the  pesticides 
has  been  implemented  or  is  proposed  by  the  EPA.  Heptachlor  epoxide  con- 
centrations in  fish  exceeded  FDA  administrative  guidelines.  However, 
the  rare  occurrence  of  heptachlor,  the  failure  to  detect  heptachlor 
epoxide  in  Deep  Fork  River  water  samples,  the  failure  to  detect  heptachlor 
or  heptachlor  epoxide  in  river  sediments,  and  the  fact  that  the  EPA  has 
banned  the  distribution  and  use  of  the  pesticide  suggest  that  heptachlor 
and  its  degradation  products  will  not  exceed  criteria  in  the  proposed 
impoundment. 

Because  heptachlor  epoxide  or  other  chemical  compounds  with  a simi- 
lar retention  time  were  measured  in  significant  concentrations  in  fish 
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from  the  Deep  Fork  River,  it  is  recommended  that  additional  water,  sedi- 
ment, and  fish  samples  be  analyzed.  If  heptachlor  or  heptachlor  epoxide 
are  again  detected  in  significant  concentrations,  confirmatory  analysis 
by  mass  spectrometry  should  be  conducted.  It  is  paradoxical  that  fish 
would  have  high  body  burdens  of  a contaminant  that  is  undetectable  in 
water  and  sediment  analyses,  even  if  a significant  potential  for  bio- 
magnification existed.  Additional  data  should  assist  in  understanding 
the  situation,  but  in  any  case  heptachlor  or  heptachlor  epoxide  are  not 
expected  to  be  water-quality  problems  in  the  proposed  Arcadia  Lake. 

Phenol  concentrations  decay  very  rapidly  in  natural  waters  and 
would  not  be  expected  to  be  a problem  in  the  impoundment.  Concentra- 
tions of  coliform  bacteria  in  the  headwaters  of  the  impoundment  would 
exceed  standards  for  primary  body  contact  recreation.  Concentrations  of 
coliform  bacteria  near  the  dam  would  rarely  exceed  standards.  Coliform 
bacteria  decay  rapidly  in  natural  waters  and  bacterial  contamination 
would  be  restricted  to  the  headwaters  except  following  major  storms. 

Even  then,  dilution  probably  would  result  in  concentrations  below  stand- 
ards. Also,  body  contact  recreational  use  of  the  reservoir  generally 
would  be  expected  to  be  low  immediately  following  major  storms.  However, 
it  is  recommended  that  recreational  areas  with  swimming  beaches  be  lo- 
cated in  the  lower  one-half  of  the  impoundment  and  that  coliform 
bacteria  concentrations  in  these  areas  be  monitored  on  a regular 
basis. 

The  impoundment  would  be  expected  to  exhibit  weak  thermal  stratifi- 
cation during  the  late  spring  and  summer  months.  Wind-mixing  probably 
would  determine  the  degree  of  stratification.  Downstream  temperature 
and  dissolved  oxygen  objectives  could  be  met  by  project  releases  if 
selective  withdrawal  were  practiced. 

Water-quality  standards  probably  will  be  frequently  exceeded  in 
Arcadia  Lake  by  manganese  and  total  dissolved  solids  and  occasionally  by 
iron.  Standards  for  these  three  constituents  are  based  upon  aesthetic 
rather  than  toxicological  effects.  Therefore,  the  possible  water- 
quality  problems  associated  with  Arcadia  Lake  are  predicted  to  be  based 
primarily  on  aesthetic  considerations  related  to  water  supply  uses. 
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including  possible  staining,  taste,  and  odor  problems.  Algal  blooms 
would  occur  during  various  periods  of  the  year.  These  problems  probably 
would  not  interfere  with  recreational  purposes  of  the  lake  to  any  greater 
extent  than  occurs  in  other  nutrient-rich  Oklahoma  reservoirs  presently 
receiving  heavy  recreational  use.  During  periods  of  thermal  stratifica- 
tion and  algal  blooms,  water  supply  treatment  costs  could  be  increased. 

A capability  for  selective  withdrawal  of  municipal  and  industrial  water 
supply  releases  would  be  of  significant  benefit  in  minimizing  treatment 
problems . 

The  conclusions  of  this  study  are  that  the  water  quality  to  be 
expected  following  impoundment  would  be  suitable  for  water  supply  pur- 
poses. Toxic  conditions  would  not  be  expected  to  occur.  However, 
taste,  odor,  and  staining  problems  probably  would  occur  occasionally 
and  should  be  considered  in  water  supply  treatment  plans.  During  most 
of  the  year,  bacteriological  contamination  from  inflowing  waters  would 
limit  primary  contact  recreation  to  approximately  the  lower  two-thirds 
of  the  reservoir.  However,  following  major  summer  storms,  bacterio- 
logical concentrations  might  occasionally  exceed  standards  near  the 
damsite.  If  the  project  is  constructed,  water  quality  of  the 
impoundment  is  not  expected  to  prohibit  the  meeting  of  authorized  project 
purposes. 

If  Arcadia  Lake  is  constructed,  water-quality  data  collection 
should  continue  through  pre-  and  post impoundment  to  provide  a basis  for 
lake  management  to  meet  intended  project  purposes. 
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PREFACE 


The  work  described  in  this  report  was  performed  by  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  (WES),  Vicksburg,  Mississippi,  for 
the  U.  S.  Army  Engineer  District,  Tulsa.  The  project  was  authorized  by 
Intra-Army  Order  for  Reimbursable  Services  No.  DOL  740015  dated  2 August 
1974  and  amended  11  February  1975. 

This  report  is  an  evaluation  of  the  water  quality  expected  in  the 
proposed  Arcadia  Lake  relative  to  water-quality  criteria  and  standards 
appropriate  for  the  project  purposes. 

In  the  preliminary  draft  reports,  existing  and  expected  water  quali- 
ty were  compared  with  the  Environmental  Protection  Agency’s  (EPA's)  1973 
Proposed  Criteria  for  Water  Quality.  During  September  1976,  the  EPA 
published  a revision  of  the  1973  criteria  entitled  "Quality  Criteria  for 
Water."  The  revised  1976  criteria  are  referenced  in  this  report. 

The  project  was  undertaken  as  a joint  effort  by  the  Environmental 
Effects  (EEL)  and  Hydraulics  (HL)  Laboratories  at  the  WES.  The  research 
was  conducted  under  the  direct  supervision  of  Dr.  Rex  L.  Eley,  Chief, 
Ecosystem  Research  and  Simulation  Division,  and  the  general  supervision 
of  Dr.  John  Harrison,  Chief,  EEL.  Mr.  Ross  W.  Hall,  Jr.,  served  as 
principal  investigator.  Drs.  Russel  H.  Plumb,  Jr.,  Kent  W.  Thornton, 
and  Allan  S.  Lessem  participated  in  the  study  and  assisted  in  the  prepa- 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


ARCADIA  LAKE  WATER-QUALITY  EVALUATION 


PART  I:  INTRODUCTION 


The  Problem 


1.  The  proposed  Arcadia  Lake  would  be  formed  by  impoundment  of  the 
Deep  Fork  River  in  central  Oklahoma  east  of  Oklahoma  City.  The  river 
originates  in  northwest  Oklahoma  City,  flows  through  the  metropolitan 
area  for  a distance  of  9 km,  and  then  flows  17  km  through  predominantly 


pastures  and  woodlands  to  the  proposed  damsite.  The  Arcadia  Lake  water- 


shed covers  an  area  of  273  km  of  which  39  percent  is  open,  33  percent 


is  urbanized,  and  the  remaining  28  percent  is  woodland,  pasture,  or  cul- 


tivated. At  conservation  pool  elevation,  the  proposed  impoundment  would 
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have  a surface  area  of  1280  ha  and  a volume  of  8.55  x 10  m . Average 


depth  would  be  6.7  m and  maximum  depth  at  the  structure  would  be  22  m. 

2.  During  much  of  the  time  during  which  Deep  Fork  River  chemical 


data  were  collected,  the  effluents  of  up  to  six  sewage  treatment  plants 

3 


and  lagoons  contributed  over  64,780  m /day  or  28  percent  of  the  average 
discharge  measured  near  the  proposed  damsite.  For  many  extended  periods, 
domestic  sewage  plant  effluents  constituted  base  flow.  During  the  same 
period,  industry  and  many  small  businesses  were  discharging  contaminants 
directly  into  the  river  or  indirectly  through  the  storm  sewer  system. 

The  influx  of  nonpoint  contaminants  from  the  urban  land  and  the  direct 
discharge  of  municipal  and  industrial  wastes  have  degraded  the  water 
quality  in  the  upper  Deep  Fork  River  for  most  beneficial  uses. 

3.  The  Arcadia  Lake  project  would  consist  of  a multiple-purpose 
lake  for  flood  control,  municipal  and  industrial  water  supply,  and  rec- 
reation. This  type  of  project  would  satisfy  the  desires  of  local  in- 
terests who  have  expressed  a primary  need  for  water  supply  and  water- 


oriented  recreation. 


4.  Oklahoma  State  University  (OSU)  was  contracted  by  the  Tulsa 
District  (TD)  in  1972  to  evaluate  the  existing  water  quality  of  the  Deep 
Fork  River  and  to  predict  expected  water  quality  in  Arcadia  Lake.  Not 


rr 
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surprisingly,  the  study  concluded  that  ammonia,  nitrate,  chloride,  iron, 

manganese,  lead,  aldrin,  lindane,  DDT,  and  endrin  concentrations  often 

exceeded  surface  water  criteria  for  public  water  supplies;  that  coliform 

counts  exceeded  recommended  standards  for  primary  contact  recreational 

use;  and  that  existing  concentrations  of  nitrogen  and  phosphorus  might 

2 3 

stimulate  blooms  of  nuisance  algae.  ’ Primarily  on  the  basis  of  the 
OSU  report,  the  Environmental  Protection  Agency  (EPA)  in  a letter  to  TD, 
dated  10  October  1973,  recommended  that  public  and  industrial  water  sup- 
ply and  recreation  not  be  included  as  project  purposes.*  More  recent 
investigations  in  the  Arcadia  Lake  watershed  reported  excessive  lead  con- 
centrations and  stated  that  lead  would  be  expected  to  be  a problem  in 
4 

Arcadia  Lake. 

5.  The  OSU  appraisal  of  the  possible  water  quality  of  the  proposed 
Arcadia  Lake  was  inconclusive.  While  the  data  compilation  was  useful, 
possible  technical  errors  in  data  interpretation  created  questions  of 
the  tenability  of  the  study's  results.  Furthermore,  the  scope  of  the 
OSU  study  was  not  sufficient  for  adequate  evaluation  of  the  uncertainties 
associated  with  the  predictions. 

6.  Since  publication  of  the  OSU  report,  one  sewage  treatment  nlant 
was  relocated  outside  the  Arcadia  watershed;  a second  plant  relocation 
was  planned;  and  two  sewage  lagoon  operations  were  discontinued.  In  ad- 
dition, major  industrial  sources  of  contaminants  were  identified,  and 
their  effluents  diverted  through  sanitary  sewer  systems. 

Study  Objectives 

7.  The  purpose  of  the  Waterways  Experiment  Station  (WES)  study  was 
a more  thorough  investigation  of  possible  water-quality  problems  identi- 
fied in  earlier  studies.  The  study  was  to  define  the  possible  problems 


* Letter  from  Mr.  Charles  H.  Hembree,  Acting  Chief,  Federal  Assistance 
Branch,  Region  VI,  U.  S.  Environmental  Protection  Agency,  Dallas, 

Texas,  to  U.  S.  Army  Engineer  District,  Tulsa,  Attention:  Mr.  M.  W. 

DeGeer,  Chief,  Engineering  Division;  subject:  Review  of  Report,  "Water 

Quality  in  the  Upper  Deep  Fork  River  Basin  and  Arcadia  Lake." 
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more  clearly  In  view  of  recent  and  proposed  changes  in  the  watershed  and 
to  evaluate  these  problems  using  several  available  methodologies. 

8.  Initial  discussions  with  TD  and  subsequent  meetings  with  the 
Corps  of  Engineers  Southwestern  Division  office  (SWD) , EPA,  and  the 
Oklahoma  State  Health  Department  resulted  in  the  formulation  of  the  fol- 
lowing study  objectives: 

ji.  Compile  existing  data. 

l>.  Evaluate  previous  studies. 

c^.  Establish  a limited  data-collection  program  in  coordination 
with  TD  to  obtain  some  additional  data  deemed  critical  for 
project  evaluation. 

cK  Calculate  loadings  and  estimate  inflows  of  nutrients, 
metals,  and  pesticides  using  existing  information. 

«i.  Use  the  WESTEX  model  to  predict  lake  temperatures  and  dis- 
solved oxygen  profiles. 

_f.  Make  comparative  water-quality  predictions  based  on  water 
quality  of  existing  lakes. 

£_.  Simulate  seasonal  water  quality  with  a mathematical  ecologi- 
cal model. 

_h.  Evaluate  the  effects  of  projected  urbanization  on  the  water 
quality  of  the  Deep  Fork  River  and  Arcadia  Lake  using  ex- 
isting information. 

i^.  Extrapolate  existing  water-quality  data  over  all  years  of 
synthetic  flow  data  at  Arcadia  gage  and  calculate  water- 
quality  constituent  concentration-frequency  curves. 

j_.  Evaluate  effects  that  future  changes  in  gasoline  lead  con- 
centrations may  have  on  the  water  quality  of  Arcadia  Lake. 

9.  Agreements  on  research  procedures  and  assumptions  that  emerged 
during  discussions  with  TD,  SWD,  EPA,  and  Oklahoma  State  Health  Depart- 
ment are  as  follows: 

a_.  Use  the  Association  of  Central  Oklahoma  Government's  (ACOG) 
projections  of  land-use  changes  to  evaluate  the  effects  of 
urbanization  on  the  water  quality  of  Arcadia  Lake. 

Id.  EPA  personnel  stated  that  it  should  be  assumed  for  purposes 
of  the  WES  study  that  Public  Law  (PL)  92-500  will  be  imple- 
mented and  that  1977,  1983,  and  1985  deadlines  for  water- 
quality  improvements  will  be  met. 

c_.  Based  on  the  results  of  meetings  with  representatives  of  EPA 
and  the  Oklahoma  State  Health  Department,  it  was  concluded 
that  these  agencies  would  accept  final  conclusions  and 
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recommendations  resulting  from  a water-quality  evaluation 
made  by  the  WES  ising  the  proposed  research  approaches  as 
reliable. 


General  Study  Approach 

10.  A variety  of  procedures  were  used  in  this  study  to  address  the 
same  question  in  order  to  provide  more  reliable  predictions.  If  the 
various  procedures  provided  equivalent  predictions,  then  conclusions 
could  be  postulated  with  increased  confidence. 

11.  The  following  approaches  were  used  to  achieve  the  study  ob- 
jectives. 

Collection  of  existing  data 

12.  Government  agencies  and  educational  institutions  that  have  con- 
ducted water-quality  studies  within  the  Arcadia  Lake  watershed  or  nearby 
existing  impoundments  and  their  watersheds  were  contacted  in  order  to 
collect  existing  water-quality  data  and  other  information  that  might  as- 
sist in  data  interpretation  or  provide  insights  during  the  WES  study. 

13.  Government  agencies  (Oklahoma  and  Federal)  possessing  regula- 
tory powers  over  water  quality  and  usage  were  contacted;  the  proposed 
study  was  discussed;  and  modifications  were  made  where  necessary  to  en- 
sure concurrence  of  study  adequacy. 

14.  Previous  studies  were  evaluated  as  to  parameters  measured,  fre- 
quency and  location  of  sampling,  and  adequacy  of  analytical  procedures 
and  conclusions  to  ensure  consistency  of  results  and  to  assist  in  data 
interpretation. 

Additional  sampling  programs 

15.  The  pathways  and  rates  of  material  transfer  were  not  adequately 
understood  to  develop  reliable  models  for  predicting  the  fate  of  metals 
and  pesticides  in  Arcadia  Lake.  Therefore,  at  the  request  of  WES,  the 

U.  S.  Geological  Survey  (USGS),  in  coordination  with  TD,  established  a 
sampling  program  on  two  existing  impoundments,  Lakes  Thunderbird  and 
Eufaula,  to  observe  directly  the  distribution  of  materials  in  the  tribu- 
tary stream,  impoundment  water  column,  and  bottom  sediments. 

16.  The  Northside  Sewage  Treatment  Plant  (STP)  is  the  major  point 
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source  of  contaminants  in  the  proposed  Arcadia  Lake  watershed.  Because 
this  source  would  be  diverted  below  the  proposed  Arcadia  Lake  and  very 
limited  data  on  the  quality  of  this  effluent  were  available,  at  the 
request  of  WES,  TD  contracted  OSU  to  sample  nutrients,  metals,  pesti- 
cides, and  other  constituents  in  the  final  effluent  of  the  STP.  These 
data  were  used  to  estimate  water-quality  constituent  concentrations  fol- 
lowing treatment  plant  relocation. 

17.  The  WES  conducted  algal  bioassay  studies  using  established  EPA 
methodologies  to  assess  the  availability  of  nitrogen  and  phosphorus  com- 
pounds and  the  nutritional  state  of  algae  in  the  Deep  Fork  River  system 
and  surrounding  waters.  These  studies  were  initiated  because  observed 
nutrient  concentrations  greatly  exceeded  levels  that  are  generally  ac- 
cepted as  adequate  to  support  nuisance  algal  blooms.  The  purpose  of  the 
studies  was  to  evaluate  if  algal  growth  limitation  would  be  expected  to 
occur  due  to  nutrients  in  the  Deep  Fork  River  being  in  an  unavailable 
form  or  due  to  limitation  by  factors  other  than  nitrogen  and/or  phos- 
phorus. 

18.  During  the  course  of  this  study,  data  collected  by  USGS  indi- 
cated that  mercury  might  be  a potential  problem.  The  paucity  of  existing 
mercury  data  precluded  reliable  evaluation  of  the  possible  water  quality 
of  Arcadia  Lake  with  respect  to  this  constituent.  OSU,  in  coordination 
with  WES,  conducted  additional  mercury  sampling  in  the  Deep  Fork  River 
near  Arcadia  to  supplement  the  very  limited  USGS  data. 

19.  The  TD  provided  continuity  in  mercury  sampling  at  the  Deep 
Fork  River  by  contracting  the  Oklahoma  State  Health  Department  to  conduct 
sampling  of  both  the  river  and  the  final  effluent  of  the  Northside  STP 

at  weekly  intervals  during  the  period  29  March  through  1 June  1976. 

20.  During  a meeting  held  in  Dallas  during  February  1976,  repre- 
sentatives from  the  Dallas  Regional  Office  of  EPA  recommended  that  fish 
be  collected  from  the  Deep  Fork  River  near  the  proposed  damsite  and 
analyzed  for  mercury  content.  The  results  of  the  analysis  could  directly 
determine  the  suitability  of  the  fish  as  a food  source  by  comparing  body 
burden  concentrations  to  Food  and  Drug  Administration  (FDA)  limits  and 
determine  the  existence  of  possible  adverse  environmental  effects  of 
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mercury  contamination  by  comparison  to  EPA  criteria.  Furthermore,  the 

procedures  of  fish  flesh  analysis  would  provide  adequate  sensitivity 

that  is  difficult  to  attain  in  the  analysis  of  water  samples.  The  study 

recommended  by  EPA  was  expanded  to  include  lead  and  all  chlorinated 

pesticides  that  were  considered  possible  problem  constituents  in  the 

proposed  impoundment. 

Water-quality  parameters 
warranting  furth.  r malysis 

21.  Exisixng  water-quality  data  were  surveyed  to  determine  those 
water-quality  constituents  whose  values  approached  or  exceeded  appro- 
priate standards.  The  most  stringent  criterion  or  standard  selected 
from  Oklahoma  Water  Quality  Standards"*  or  from  EPA's  1976  Quality 
Criteria  for  Water**  was  used  to  ensure  a thorough  evaluation. 

Establishment  of  relationships 
between  stream  discharges  and 
loadings  of  nutrients,  metals, 
and  pesticides 

22.  Using  existing  data,  mass  loadings  of  important  water-quality 
constituents  were  calculated  and  the  significance  of  major  point  sources 
of  pollution  evaluated.  The  establishment  of  relationships  between  dis- 
charge and  loadings  for  some  parameters  permitted  the  simulation  of 
reservoir  behavior  for  time  periods  for  which  quality  data  were  not 
available.  Maximum  and  probable  reservoir  and  release  concentrations 
were  calculated  based  on  loadings,  precipitation,  evaporation,  biologi- 
cal activity,  and  withdrawals. 

23.  A land-use  approach  to  estimate  phosphorus  and  nitrogen 
loadings  to  the  proposed  Arcadia  Lake  was  conducted.  This  procedure 
allowed  the  evaluation  of  changes  in  tributary  water  quality  as  a result 
of  increased  urbanization  and  diversion  of  municipal  point-source  pol- 
lution that  may  occur  during  the  life  of  the  project.  Resultant 
loadings  calculated  from  land  use  were  compared  to  loadings  predicted 
from  existing  stream  water-quality  data. 

Comparison  with  existing  reservoirs 

24.  When  appropriate  data  were  available,  a comparison  of 
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predicted  water  quality  of  the  proposed  Arcadia  Lake  with  nearby  existing 
reservoirs  permitted  an  evaluation  of  the  predictive  procedures  and 
provided  additional  information  about  the  likelihood  of  possible  water- 
quality  problems  in  Arcadia  Lake. 

Ecologic  model  application 

25.  An  ecologic  model  was  used  to  simulate  the  limnological  condi- 
tions expected  to  occur  at  Arcadia  Lake.  The  thermal  portion  of  the 
model  was  calibrated  using  data  from  surrounding  reservoirs.  The  model 
was  used  to  predict  physicochemical  stratification,  to  evaluate  the 
potential  for  algal  blooms,  and  to  provide  one  means  of  evaluating  the 
potential  problem  of  coliform  contamination.  Predictions  of  thermal  and 
dissolved  oxygen  stratification  made  with  the  ecologic  model  were  com- 
pared to  predictions  made  by  the  WESTEX  model. 

MESTEX  model  application 

26.  The  seasonal  thermal  and  dissolved  oxygen  stratification  that 
would  be  expected  to  occur  in  Arcadia  Lake  was  simulated  using  the 
WESTEX  model.  Temperature  profiles  from  surrounding  reservoirs  were  used 
to  calibrate  the  model.  Because  of  the  significance  of  meteorological 
conditions  on  the  behavior  of  southern  Great  Plains  reservoirs,  a fac- 
torial arrangement  of  simulations  was  made  for  dry,  wet,  and  average 
flow  conditions  under  both  seasonally  hot  and  cold  conditions.  The 
WESTEX  model  was  also  used  to  evaluate  selective  withdrawal  on  downstream 
temperature  and  dissolved  oxygen. 

Lake  fishery  estimates 

27.  Mr.  Robert  M.  Jenkins,  Director,  National  Reservoir  Research 
Program,  U.  S.  Fish  and  Wildlife  Service,  provided  an  estimate  of  the 
qualify  and  quantity  of  the  lake  fishery  using  regression  equations  ap- 
propriate for  an  Oklahoma  reservoir  with  the  expected  morphometrical , 
limnological,  and  operational  characteristics  of  the  proposed  Arcadia 
Lake . 
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PART  II:  WATERSHED  DESCRIPTION  AND  MAJOR 

POINT  SOURCES  OF  CONTAMINANTS 


2 

28.  The  Arcadia  Lake  watershed  covers  an  area  of  273  km  of  which 
39  percent  is  open,  33  percent  is  urbanized,  19  percent  is  woodlands, 

8 percent  is  pasture,  and  1 percent  is  cultivated.^  Existing  data  indi- 
cate water-quality  contamination  from  both  point  and  diffuse  sources. 

Of  particular  concern  in  this  study  was  the  pollution  of  the  upper  Deep 
Fork  River  from  diffuse  sources,  especially  from  the  relatively  large 
urbanized  area. 

Industrial  Effluents 

29.  The  OSU  environmental  study  identified  three  major  point 

sources  of  industrial  effluents:  a door  and  window  manufacturing  plant, 
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a plastics  plant,  and  a power  generating  plant.  The  study  reported  that 
these  sources  did  not  appear  to  be  causing  any  degradation  of  water 
quality;  however,  since  their  effluents  would  be  flowing  into  the  pro- 
posed impoundment,  their  significance  was  evaluated. 

30.  Using  industrial  waste  load  allocations  developed  by  the 
Oklahoma  State  Department  of  Pollution  Control  for  Basin  Five,  an  "order 
of  magnitude"  estimate  of  mass  contribution  can  be  derived. ^ Table  1 
lists  maximum  waste  load  allocations  as  a percentage  of  load  measured  at 
Arcadia.  The  USGS  water-quality  sampling  near  the  Arcadia  damsite  pro- 
vided estimates  of  many  water-quality  concentrations  based  on  both  grab 
and  composite  samples  (Table  1).  Grab  samples  represent  the  quality  of 
water  at  the  time  of  sample  collection,  and  composite  samples  represent 
a mixture  of  stream  water  collected  over  intervals  ranging  from  1 to 

20  days.  A very  significant  difference  existed  between  the  methods  of 
sample  handling  prior  to  analysis.  Grab  samples  were  preserved  and 
analyzed  within  a short  time  period.  Composite  samples  were  not  pre- 
served immediately  but  allowed  to  sit  for  time  periods  of  roughly  30  days 
prior  to  analysis. 

31.  Losses  to  the  stream  bed  would  be  expected  to  decrease  the 
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percentage  contributions  tabulated  in  Table  1.  Even  assuming  no  losses, 
industrial  point-source  pollution  from  these  three  plants  appears  insig- 
nificant relative  to  measured  loadings  at  Arcadia.  The  nutrient  concen- 
trations in  the  industrial  effluents  reflect  high  ambient  concentrations 
in  the  influent.  Data  collected  prior  to  1974  reflect  to  varying  degrees 
industrial  effluents  discharged  into  storm  sewers  or  directly  into  the 
upper  Deep  Fork  River.  However,  major  sources  of  industrial  contaminants 
were  identified  by  1974,  and  their  effluents  redirected  through  sanitary 
sewer  systems. 


32.  The  OSU  environmental  study  identified  the  municipal  effluents 

of  Oklahoma  City  and  Edmond  as  major  point  sources  of  contaminants  to 
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the  upper  Deep  Fork  River.  Data  used  to  evaluate  the  significance  of 
sewage  treatment  facilities  in  the  watershed  are  presented  in  Table  2. 

A comparison  of  loadings  reveals  that  the  Edmond  Southeast  and  Northside 
STP's  contribute  92  percent  of  the  nitrogen  and  phosphorus  attributable 
to  municipal  effluents  (Table  3).  Significantly,  the  Edmond  Southeast 
STP  was  relocated  outside  of  the  Arcadia  Lake  watershed  in  August  1974, 
and  the  Northside  plant  is  scheduled  to  be  removed  from  the  watershed. 

33.  Data  measured  during  base  flow  conditions  at  Arcadia  prior  to 
August  1974  should  directly  reflect  the  Edmond  STP  discharge  of  contami- 
nants. Little  phosphorus  or  nitrogen  data  are  available  near  Arcadia 
following  sewage  effluent  diversion,  which  precluded  the  calculation  of 
reliable  reductions  in  loadings  at  Arcadia.  However,  using  loading  es- 
timates in  Table  3,  upper  bounds  for  phosphate  and  nitrogen  reduction  at 
Arcadia  are  32  to  37  and  25  to  47  percent,  respectively,  as  a result  of 
relocating  the  Edmond  STP  discharge.  In  reality,  effects  of  diversion 
of  the  discharge  were  less  significant  than  these  percentages  indicate 
because  of  losses  in  the  stream  due  to  chemical  reactions,  biological 
utilization,  and  precipitation. 

34.  For  the  same  reasons,  estimates  of  49-  to  91-  and  68-  to 
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77-percent  reduction  in  loadings  of  nitrogen  and  phosphorus,  respec- 
tively, at  Arcadia  following  Northside  STP  diversion  are  high.  However, 
this  analysis  does  show  that  the  Northside  discharge  is  the  most  signifi- 
cant point  source  of  nitrogen  and  phosphorus  in  the  upper  Deep  Fork 
basin,  and  the  diversion  of  this  discharge  below  the  proposed  Arcadia 
damsite  should  sharply  reduce  the  stream  load  of  contaminants  at  Arcadia. 
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PART  III:  SURVEY  OF  EXISTING  DATA,  EVALUATION  OF  THE 

OSU  STUDY,  AND  INITIATION  OF  ADDITIONAL  STUDIES 


35.  A major  effort  in  the  preparation  of  this  report  was  the  evalua- 
tion of  data  previously  collected  by  other  agencies.  This  approach  pro- 
vided information  on  the  number  and  duration  of  past  studies  that  could 

be  used  for  predicting  the  water  quality  of  the  proposed  Arcadia  Lake. 

It  also  indicated  those  constituents  that  had  been  measured  and  the  fre- 
quency of  past  measurements  and  provided  some  estimate  of  the  variation 
in  water  quality  that  could  be  expected  in  the  Deep  Fork  River.  In  ad- 
dition, consideration  was  given  to  the  methodologies  used  in  previous 
studies  as  this  will  influence  the  chemical  species  measured  and  may  in- 
fluence the  resulting  data  interpretation. 

36.  Besides  indicating  what  information  was  available,  the  evalua- 
tion of  previous  studies  indicated  what  additional  data  were  needed  to 
predict  water  quality  in  the  proposed  impoundment.  Thus,  the  approach 
taken  also  served  as  a planning  tool  to  initiate  and  conduct  studies 
necessary  to  assess  water  quality  in  the  proposed  Arcadia  Lake. 

Water-Sampling  Program 

37.  Seven  agencies,  institutions,  or  individuals  have  conducted 

sampling  in  the  Arcadia  Lake  watershed:  USGS,  Oklahoma  Water  Resources 

Board  (OWRB) , Oklahoma  State  Health  Department,  OSU,  Oklahoma  City-County 
Health  Department,  Water  Pollution  Control  Division  of  the  Oklahoma  City 
Department  of  Public  Works,  and  Mr.  Jimmie  Pigg  of  Moore  High  School, 
Moore,  Oklahoma.  A summarization  of  the  parameters  measured,  the  fre- 
quency of  measurement,  and  duration  of  the  studies  is  presented  in 
Table  4.  Water-quality  constituents  were  classified  as  nutrients, 
metals,  pesticides,  and  other  water-quality  parameters  for  convenience 

of  generic  discussion  and  report  organization. 


38.  USGS  data  were  used  most  extensively  in  the  water-quality 
analyses  conducted  as  a part  of  the  WES  study  because  these  data  were 
he  most  comprehensive;  samples  were  collected  at  regular  intervals;  and 


corresponding  river  discharge  data  were  available.  The  USGS  data  pro- 
vided estimates  of  over  70  water-quality  constituents  measured  over  a 
5-yr  period.  Grab  samples  were  collected  at  monthly  intervals  while 
composite  samples,  on  the  average,  were  collected  weekly.  Data  collected 
by  agencies  other  than  the  USGS  provided  estimates  of  the  expected  ranges 
of  specific  water-quality  parameters  and  enabled  the  identification  of 
major  sources  of  pollutants  and  an  evaluation  of  their  significance. 

Data  collected  by  the  Oklahoma  City  Department  of  Public  Works  provided 
frequent  measurements  of  nutrient  concentrations  near  Arcadia  between 
1966  and  1974. 

39.  Differences  among  agencies  in  location  of  sampling  stations, 
sample  collection  and  preservation,  and  analysis  resulted  in  inconsistent 
results.  The  evaluation  of  the  causes  and  significance  of  the  inconsis- 
tencies is  discussed  in  the  following  sections  of  the  report. 

OSU  Environmental  Study 

40.  OSU  prepared  a report  for  TD  on  the  water  quality  of  the  Deep 
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Fork  River  during  1972-1973.  Time  and  funding  constraints  prevented 
OSU  from  conducting  a thorough  water-quality  evaluation.  While  the  data 
compilation  was  useful,  the  technical  merits  of  some  portions  of  the 
data  interpretation  must  be  questioned.  For  example,  it  is  stated  on 
page  5 of  the  report  that  an  impoundment  evaluation  "is  very  objective." 
This  is  true  only  if  the  chemical  species  in  . the  impoundment  are  in  the 
same  form  as  those  used  in  the  bioassay  studies  used  to  establish  the 
criteria  applied  in  an  evaluation  of  water  quality.  As  the  chemical 
forms  become  more  divergent,  the  evaluation  becomes  more  subjective. 

This  point  is  important  because  it  was  reported  in  the  OSU  study  that 
lead  would  exceed  water-quality  criteria.  However,  lead  concentrations 
in  the  study  were  defined  as  being  soluble  at  pH  <2;  this  definition  is 
not  comparable  to  bioassay  conditions  used  to  establish  the  applied 
water-quality  criteria.  Thus,  there  is  no  established  relationship 
between  the  lead  concentration  results  reported  in  the  OSU  study  and  the 
environmental  effects  of  lead.  Other  results,  to  be  discussed  in  more 

24 


i 


detail  elsewhere  in  this  report,  show  that  most  lead  is  in  the  particu- 
late form  and  that  dissolved  lead  concentrations  are  usually  an  order  of 
magnitude  below  the  lead  criterion. 

41.  The  eutrophication  discussion  in  the  OSU  report  should  also  be 
interpreted  with  caution.  This  section  leaves  the  unsupportable  impres- 
sion that  a knowledge  of  algal  chemical  composition  and  the  ratio  of  nu- 
trients to  critical  concentrations  allows  a prediction  of  expected  algal 
populations.  Algal  cell  composition  is  not  a measure  of  growth  potential 
because  it  fails  to  consider  the  chemical  form  of  the  potential  nutrients 
in  the  water  column.  This  point  is  important  because  all  chemical  forms 
are  not  equally  available  to  algae  and  nutrients  cannot  be  stimulatory  if 
they  are  not  in  a form  that  can  be  used. 

42.  The  ratio  of  actual  nutrient  concentrations  to  critical  nutri- 
ent concentrations  is  also  a poor  method  of  estimating  an  algal  response 
because  it  fails  to  consider  the  limiting  nutrient.  The  limiting  nutri- 
ent concept  states  that  the  nutrient  in  least  supply  relative  to  actual 
need  will  control  algal  response.  If  a nutrient  is  present  and  available 
in  excess  of  actual  needs,  the  abundance  is  not  a measure  of  algal  re- 
sponse. The  method  presented  by  OSU  also  fails  to  consider  the  possi- 
bilities of  temperature,  light,  or  one  or  more  toxicants  acting  to  limit 
the  algal  population. 

43.  A bioassay  procedure  to  define  nutrient  availability  and 
limiting  nutrient (s)  in  the  Deep  Fork  River  is  discussed  elsewhere  in 
this  report. 


Northside  STP  Sampling  Program 

44.  Because  the  Northside  STP  discharge  is  large  relative  to  other 
known  point  sources  and  since  the  plant  will  be  removed  from  the  water- 
shed, additional  studies  were  conducted  to  characterize  the  composition 
and  contribution  of  the  plant  effluent.  In  addition,  data  were  needed 
to  determine  the  significance  of  STP  relocation  on  instream  concentra- 
tions of  critical  parameters  other  than  nitrogen  and  phosphorus. 

45.  The  TD  contracted  OSU  to  conduct  additional  sampling  of  <;he 
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Northside  STI’.  The  objective  of  the  study  was  to  estimate  the  con- 
centrations of  water-quality  constituents  in  the  plant  effluent  pre- 
viously identified  as  possible  problems.  These  data  were  subsequently 
used  to  predict  instream  concentrations  after  STP  relocation.  The 
sampling  program  was  limited  to  conform  with  time  constraints  of  the 
WES  study. 

Procedure 

46.  Four  samples  were  collected  below  the  final  effluent  outfall 

at  1-week  intervals  on  12,  19,  and  26  March  and  2 April  1975.  Each 

sample  consisted  of  two  replicates.  The  multiple  samples  permitted 

estimates  of  weekly  variation,  while  the  replicates  permitted  estimates 

of  analytical  error.  The  methods  used  for  chemical  analyses  were 

American  Public  Health  Association  (APHA)  Standard  Methods^  or  EPA 
11 

Methods  except  for  the  analyses  of  the  chlorophenoxy  herbicides,  which 
were  based  on  a tentative  procedure  from  an  American  Society  of  Testing 
and  Material  (ASTM)  committee.^ 

Results 

47.  The  water-quality  parameters  that  were  measured  and  the  means 
of  their  concentrations  during  the  study  are  listed  in  Table  5.  The 
data  are  within  the  ranges  of  values  measured  at  Arcadia.  Results 
suggest  that  the  Northside  STP  is  a significant  source  of  phenol,  total 
nitrogen,  lindane,  dieldrin,  diazinon,  2,4-D,  silvex,  2,4,5-T,  and 
possibly  mercury. 

Modification  of  Existing  Data  to  Reflect  STP  Relocation 

48.  Existing  data  on  concentrations  and  flows  measured  at  Arcadia 
in  conjunction  with  estimates  of  concentrations  at  the  Northside  STP 
permitted  modification  of  instream  Deep  Fork  River  water-quality  con- 
stituent concentrations  to  reflect  STP  relocation. 

Assumptions 

49.  The  concentrations  of  selected  constituents  measured  in  the 
final  effluent  of  the  STP  during  March  and  April  1975  were  assumed  to  be 
characteristic  of  effluent  concentrations  during  the  period  1969-1974 
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for  which  data  exist  at  the  Arcadia  gage  on  the  Deep  Fork  River. 
Additional  assumptions  were  that  no  losses  or  gains  in  flow  or  constitu- 
ent mass  occurred  between  the  point  of  sewage  treatment  discharge  and 
the  Arcadia  gage.  The  significance  of  errors  resulting  from  the  extrapo- 
lation of  concentrations  measured  over  a 1-month  period  to  the  period  of 
record  cannot  be  evaluated.  The  sampling  program  could  not  detect 
periodicities  or  trends.  The  assumption  of  zero  losses  or  gains  probably 
resulted  in  overestimation  of  the  mass  contribution  of  the  STP  because 
losses  of  material  in  the  stream  will  occur  due  to  chemical  reaction, 
biological  utilization,  and  precipitation.  However,  the  results  probably 
provide  conservative  estimates  of  concentrations  to  be  expected  following 
STP  diversion.  Existing  Deep  Fork  River  data  used  in  the  calculations 
reflect  contaminants  from  the  Edmond  Southeast  STP  and  industries  no 
longer  discharging  into  the  Arcadia  Lake  watershed. 

Procedure 

50.  Mass  loadings  of  water-quality  constituents  at  the  STP  were 
calculated  at  a monthly  resolution  to  account  for  both  seasonal  and 
annual  variations  in  treatment  plant  effluent  volumes.  Loadings  cal- 
culated based  upon  records  available  at  Arcadia  were  reduced  by  the 
amount  equal  to  that  discharged  by  the  treatment  plant.  In  addition, 
flows  at  Arcadia  were  reduced  to  reflect  diversion  of  flows  that  origi- 
nated at  the  treatment  plant.  When  necessary,  the  modified  flows  and 
modified  loadings  were  used  to  calculate  concentrations  that  would  be 
expected  after  STP  relocation. 

Lakes  Thunderbird  and  Eufaula  Sampling  Program 

51.  At  the  request  of  WES,  the  USGS  in  coordination  with  the  TD 
established  a sampling  program  on  two  existing  impoundments.  Lakes 
Thunderbird  and  Eufaula,  to  observe  directly  the  distribution  of  mate- 
rials in  the  tributary  stream,  impoundment  water  column,  and  bottom 
sed iments . 

52.  Lake  Thunderbird  was  selected  for  comparative  analysis  due  to 
its  close  proximity  and  similar  watershed  characteristics  to  the 
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proposed  Arcadia  Lake.  The  Deep  Fork  River  arm  of  Lake  Eufaula  was 
chosen  because  the  major  tributary  was  the  Deep  Fork  River  and  a water- 
quality  gaging  station  existed  upstream  near  Beggs,  Oklahoma. 

53.  Six  sampling  sites  were  established,  three  in  the  Little  River 
arm  of  Lake  Thunderbird  and  three  in  the  Deep  Fork  River  arm  of  Lake 
Eufaula.  Site  1 was  located  within  the  lakes  at  a point  such  that  the 
cumulative  volume  of  the  arm  was  equal  to  the  volume  of  Arcadia  Lake. 
Site  3 in  each  lake  was  located  upstream  at  the  point  where  tributary 
flow  was  first  observed.  Site  2 was  located  at  the  midpoint  between 
Sites  1 and  3. 

54.  At  each  site,  sampling  was  conducted  1 m below  the  water  sur- 
face and  1 m above  the  lake  bottom.  In  addition,  the  top  10  cm  of  sedi- 
ment at  each  site  was  sampled  for  metals  and  pesticides.  Sampling  was 
conducted  on  27  September  1974  at  Lake  Eufaula  and  on  30  September  1974 
at  Lake  Thunderbird. 

55.  A tabulation  of  parameters  measured  and  the  results  of  the 
analyses  are  presented  in  Appendix  A. 
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PART  IV:  EVALUATION  OF  CRITICAL  PARAMETERS 


56.  The  State  of  Oklahoma  has  designated  the  Deep  Fork  River  for 
the  following  present  and  potential  uses: 

a_.  Public  and  private  water  supplies. 

b.  Fish  and  wildlife  propagation. 

£.  Agriculture  (including  livestock  watering  and  irrigation). 

d^.  Industrial  and  municipal  cooling  water. 

e.  Receiving,  transporting,  and/or  assimilation  of  adequately 
treated  waste. 

f_.  Primary  body-contact  recreation  (including  recreational 
uses  where  the  human  body  may  come  in  direct  contact  with 
the  water  to  the  point  of  complete  body  submergence). 

j>.  Secondary  body-contact  recreation  (including  recreational 
uses,  such  as  fishing,  wading,  and  boating,  where  ingestion 
of  water  is  not  probable) . 

h.  Aesthetics. 

57.  Water-use  classifications  are  developed  with  the  intention  of 
providing  the  same  level  of  protection  for  all  waters  of  the  same  bene- 
ficial use  designation.  Protection  of  a particular  beneficial  use  is 
accomplished  through  the  enforcement  of  uniform  water-quality  standards 
which  apply  to  that  use.  A water-quality  standard  is  an  authoritatively 
established  rule  that  permits  regulation  of  the  limits  of  a water-quality 
constituent  to  ensure  compatibility  with  the  intended  use  or  uses  of  the 
water.  In  contrast,  a water-quality  criterion  is  a limit  of  variation  of 

a water-quality  constituent  judged,  based  on  scientific  evidence,  not  to 
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have  an  adverse  effect  on  man  or  organisms  inhabiting  the  water. 
Water-quality  standards  are  established  by  a regulatory  agency  through 
the  selection  of  a subset  of  water-quality  criteria.  The  choice  depends 
upon  the  beneficial  use  of  the  water  and  the  degree  of  impairment  judged 
acceptable  as  a matter  of  public  policy. 

58.  An  evaluation  of  existing  information  was  made  to  identify 
potentially  critical  water-quality  parameters  which  should  receive  more 
detailed  study.  One  consideration  in  this  evaluation  was  to  determine 
if  downstream  project  releases  from  the  proposed  Arcadia  Lake  would 
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result  in  impairment  of  the  designated  Deep  Fork  water  uses.  A second 
consideration  was  to  determine  if  the  water  quality  in  the  proposed 
Arcadia  Lake  would  comply  with  standards  appropriate  to  the  reservoir 
project  purposes. 

59.  For  both  considerations,  the  selected  methodology  was  the  com- 
parison of  predicted  impoundment  and  downstream  water  quality  with  the 
appropriate  Oklahoma  State  water-quality  standards. 

Procedure 

60.  In  anticipation  of  more  stringent  standards  resulting  from  the 

implementation  of  the  "Federal  Water  Pollution  Control  Act  Amendments  of 
14 

1972  (PL  92-500),"  all  known  existing  water-quality  data  collected  in 
the  Arcadia  Lake  watershed  were  surveyed  to  identify  toxic  or  harmful 
constituents  for  which  numerical  criteria  or  standards  exist  in  order 
to  determine  potentially  critical  parameters  not  identified  in  previous 
studies.  Although  the  survey  was  quite  comprehensive,  this  does  not 
preclude  the  unknown  existence  of  potentially  toxic  or  harmful  materials 
in  the  upper  Deep  Fork  River.  However,  recent  legislation  provides  for 
more  stream  surveillance,  more  stringent  control  of  toxic  materials,  and 
a timetable  for  the  elimination  of  the  discharge  of  pollutants  into  the 
Deep  Fork  River.  This  legislation  is  directed  to  the  elimination  of 
pollution  from  point  sources  and  minimization  of  man- induced  contamina- 
tion from  nonpoint  sources. 

61.  Standards  and  criteria  used  from  evaluation  were  selected  from 
Oklahoma  Water  Quality  Standards'1  or  EPA  Quality  Criteria  for  Water. ^ 

The  evaluation  of  trace  metal  data  was  based  on  dissolved  or  soluble 
concentration  data  because  metals  in  this  form,  as  opposed  to  particulate 
form,  would  more  closely  approximate  the  chemical  species  used  in  bio- 
assay experiments  that  were  the  basis  for  recommended  criteria.  As 
discussed  by  Lee  et  al.,  toxicity  can  vary  markedly  with  the  form  of  a 
chemical,  and  the  application  factor  used  to  relate  acute  lethal  to 
chronic  sublethal  effects  has  questionable  applicability  to  soluble  and 
particulate  forms  of  the  same  species.^  Therefore,  with  the  exception 
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of  mercury  and  pesticides,  only  dissolved  chemical  data  were  compared  to 
criteria.  Criteria  for  mercury  concentrations  were  based  on  total  mer- 
cury because  of  possible  interconversion  of  mercury  forms. 


Results 


62.  Data  representing  a total  of  70  water-quality  constituents 
measured  by  the  USGS  near  the  proposed  damsite  were  evaluated.  Twenty- 
five  water-quality  parameters  were  found  to  have  at  least  one  sample 
value  equal  to  or  exceeding  one-tenth  of  the  most  stringent  criterion 

or  standard.  In  Table  6,  these  parameters  are  listed  with  the  associated 
standard  or  criterion  used  for  evaluation  and  selected  statistics  to 
summarize  sample  distribution.  Extensive  nutrient  data  and  limited 
metal  data  collected  within  the  Arcadia  Lake  watershed  were  within  the 
ranges  measured  at  the  Arcadia  damsite. 

63.  A comparison  of  the  average  values  of  the  constituents  tabu- 

lated in  Table  6 with  the  most  stringent  standard  or  criterion  revealed 
that  concentrations  of  12  water-quality  parameters  equaled  or  exceeded 
recommended  or  permissible  levels:  ammonia;  manganese;  mercury;  DDT; 

aldrin;  dieldrin;  chlordane;  heptachlor;  lindane;  PCB;  phenols;  and 
fecal  coliforms. 

64.  Based  upon  the  data  surveyed,  fecal  coliform  bacteria,  ammonia 
nitrogen,  and  manganese  were  the  only  water-quality  constituents  found 
to  exceed  present  State  standards  applicable  to  the  Deep  Fork  River  use 
classification  or  proposed  reservoir  purposes.  For  purposes  of  this 
evaluation,  all  water-quality  parameters  that  were  found  to  have  at  least 
one  sample  value  equal  to  the  most  stringent  criterion  or  standard  re- 
ceived further  analysis. 

65.  The  State  of  Oklahoma  has  as  part  of  their  water-quality  stand- 
ards the  requirement  that  a cumulative  relationship  value  (CRV)  not  ex- 
ceed 1.0. 
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where 


C = the  measured  concentration  of  toxic  materials  1 through  n 

L = the  established  water-quality  standard  for  the  toxic  materials 
1 through  n 

The  series  of  toxic  materials  specified  by  the  State  of  Oklahoma  to  be 
considered  in  calculating  the  CRV  are  ammonia,  cadmium,  hexavalent 
chromium,  trivalent  chromium,  copper,  cyanide,  lead,  mercury,  nickle, 
selenium,  silver,  and  zinc. 

66.  The  purpose  of  the  CRV  standard  as  implied  in  Oklahoma's  Water- 
Quality  Standards'*  was  to  provide  a measurement  of  the  cumulative  and 
synergistic  effects  of  the  toxicants.  However,  the  CRV  standard  was 
derived  from  a concept  originally  intended  for  use  when  two  or  more  con- 
taminants with  significant  toxicities  were  present  in  concentrations  ap- 
proaching values  known  to  cause  acute  toxicity  and  where  the  cumulative 
effect  of  these  contaminants  might  produce  toxicity. 

67.  In  applying  this  concept,  Sprague‘S  recommended  that  Cn 

-L  • • • • n 

in  equation  1 be  the  concentration  of  the  available  form  of  chemical  used 
in  bioassays  to  establish  the  respective  values  (L^  n)  and  that 

only  contaminants  known  to  produce  synergistic  effects  be  included. 
Oklahoma's  interpretation  of  the  CRV  does  not  recognize  the  necessity  of 
considering  only  the  available  form  of  a contaminant;  the  error  in  using 
a water-quality  standard  that  is  several  orders  of  magnitude  lower  than 
the  because  of  safety  factors  applied  in  establishing  the  standard; 

or  the  necessity  of  only  considering  contaminants  with  demonstrated 
synergism  with  respect  to  toxicity. 

68.  The  use  of  the  CRV  specified  in  Oklahoma's  Water-Quality 
Standards'*  for  measuring  cumulative  chronic  effects  of  the  contaminants 
is  without  valid  scientific  or  technical  basis.  Furthermore,  the  CRV  as 
proposed  by  the  State  of  Oklahoma  is  a result  of  misinterpretation  or 
disagreement  with  guidance  provided  by  the  EPA  and  the  technical  litera- 
ture that  served  as  a basis  of  EPA's  guidance. ^ If  applied  as  stated 
in  Oklahoma's  Water-Quality  Standards, “*  the  CRV  would  overestimate  the 
value  intended  by  the  developers  of  the  concept  by  orders  of  magnitude, 
and  many  safe  natural  water  supplies  in  the  U.  S.  would  fail  the 
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CRV  standard.  The  rationale  for  this  conclusion  was  based  on  a personal 
communication*  and  information  in  reference  16. 


69.  It  is  concluded  that  the  application  of  the  CRV  to  observed 
concentrations  of  the  specified  contaminants  in  the  Deep  Fork  River  would 
be  technically  invalid  and  without  basis  in  scientific  fact.  Furthermore, 
such  a comparison  would  not  be  of  value  in  predicting  synergistic  effects 
in  Arcadia  Lake  since,  based  on  data  from  surrounding  lakes  and  their  in- 
flowing tributaries,  the  concentrations  of  these  contaminants  would  be 
lower  than  observed  in  the  Deep  Fork  River. 


PART  V:  USE  OF  THE  WESTEX  MODEL  FOR  PREDICTING  TEMPERATURE 

AND  DISSOLVED  OXYuEN  REGIMES  IN  ARCADIA  LAKE  AND 
DOWNSTREAM  RELEASES 


70.  The  purpose  of  this  phase  of  the  study  was  to  simulate  the 
temperature  and  dissolved  oxygen  regime  to  be  expected  within  the  pro- 
posed Arcadia  Lake  and  to  determine  a selective  withdrawal  intake  con- 
figuration that  would  allow  project  operation  to  satisfy  the  release 
temperature  objective.  The  computer  model  used  in  conjunction  with  this 
investigation  was  developed  at  WES  and  will  be  identified  as  "WESTEX." 

Approach 

71.  The  use  of  a numerical  simulation  model  provided  the  capability 
for  assessing  the  effect  of  historical  data  on  the  lake  for  long  periods 
of  record.  The  approach  involved  the  selection  of  several  study  years 
and  simulation  of  project  operation  and  lake  response  for  each  of  these 
years.  Study  years  selected  had  combinations  of  hydrometeorological  con- 
ditions that  could  be  expected  to  occur  at  the  proposed  project.  The 
data  required  to  conduct  the  simulations  were  lake  inflows  and  outflows, 
inflow  stream  temperatures,  meteorological  data  for  each  of  the  study 
years,  geometry  of  the  lake,  and  geometry  of  the  intake  structure. 

72.  The  heat  transfer  into  and  out  of  the  lake  was  computed,  and 
the  heat  was  distributed  within  the  lake.  A heat  budget  was  maintained 
throughout  the  simulation  period.  An  objective  temperature  was  specified 
for  each  simulation  day,  and  an  operating  scheme  was  determined.  The 
operation  for  any  day  was  the  combination  of  open  ports  that  minimized 
the  difference  between  the  downstream  objective  temperature  and  the 
predicted  release  temperature.  The  output  from  the  simulation  included 

a comparison  between  objective  and  release  temperature  in  graphical 
form  through  the  simulation  period  as  well  as  tabular  summaries  for 
each  day  and  plotted  profiles  of  temperature  within  the  reservoir  at 
specified  times  of  the  year. 
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Model  Description 

73.  The  WESTEX  model  provides  a procedure  for  examining  the  balance 
of  thermal  energy  imposed  on  an  impoundment.  This  energy  balance  and 
lake  hydrodynamic  phenomena  are  used  to  map  vertical  profiles  of  tempera- 
ture and  dissolved  oxygen  in  the  time  domain.  The  model  includes  compu- 
tational methods  for  simulating  heat  transfer  at  the  air-water  interface, 
advected  heat  due  to  inflow  and  outflow,  and  the  internal  dispersion  of 
thermal  energy.  The  model  is  conceptually  based  on  the  division  of  the 
impoundment  into  discrete  horizontal  layers.  Fundamental  assumptions 
include  the  following: 

a_.  Isotherms  are  parallel  to  the  water  surface  both  laterally 
and  longitudinally. 

_b.  The  water  in  each  discrete  layer  is  isotropic  and  physically 
homogeneous. 

c_.  Internal  advection  and  heat  transfer  occur  only  in  the 
vertical  direction. 

ci.  External  advection  (inflow  and  outflow)  occurs  as  a uniform 
horizontal  distribution  within  each  layer. 

£.  Internal  dispersion  (between  layers)  of  thermal  energy  is 
accomplished  by  a diffusion  mechanism  that  combines  the 
effects  of  molecular  diffusion,  turbulent  diffusion,  and 
thermal  convection. 

The  surface  heat  exchange,  internal  mixing,  and  inflow  and  outflow 
processes  are  simulated  separately,  and  their  effects  are  introduced 
sequentially  at  daily  intervals. 

74.  The  WESTEX  model  employs  an  approach  to  the  evaluation  of  sur- 
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face  heat  transfer  developed  by  Edinger  and  Geyer.  This  method  formu- 
lates equilibrium  temperatures  and  coefficients  of  surface  heat  exchange. 
Equilibrium  temperature  is  defined  as  that  temperature  at  which  the  net 
rate  of  heat  exchange  between  the  water  surface  and  the  atmosphere  is 
zero.  The  coefficient  of  surface  heat  exchange  is  the  rate  at  which  the 
heat  transfer  process  will  occur.  The  equation  describing  this  relation- 
ship is: 

H = K (E  - 0)  (2) 
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where 


H = net  rate  of  surface  heat  transfer  (Langleys/day) 

K = coefficient  of  surface  heat  exchange  (Langleys/day/°C) 

E = equilibrium  temperature  (°C) 

0 = surface  temperature  (°C) 

The  computation  of  equilibrium  temperature  and  heat  exchange  coefficient 

is  based  on  meteorological  data  and  is  outlined  in  the  literature  by 
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Edinger,  Duttweiler,  and  Geyer. 

75.  The  net  heat  exchange  at  the  surface  is  composed  of  seven  heat 
exchange  processes: 

a_.  Short-wave  solar  radiation. 

_b.  Reflected  short-wave  radiation. 
c_.  Long-wave  atmospheric  radiation, 
cl.  Reflected  long-wave  radiation. 
e_.  Heat  transfer  due  to  conduction. 

_f.  Back  radiation  from  the  water  surface. 

£.  Heat  loss  due  to  evaporation. 

For  every  day  of  meteorological  data,  the  seven  heat  exchange  terms  can 
be  evaluated  and  the  net  heat  exchange  expressed  in  terms  of  an  equilib- 
rium temperature  and  an  exchange  coefficient. 

76.  All  of  the  surface  heat  exchange  processes,  with  the  exception 

of  short-wave  radiation,  affect  only  approximately  the  top  metre  of  the 

lake.  Short-wave  radiation  penetrates  the  water  surface  and  increases 

the  temperature  at  greater  depths.  Based  on  laboratory  investigations, 
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Dake  and  Harleman  have  suggested  an  exponential  decay  with  depth  for 
describing  the  heat  flux  due  to  short-wave  penetration. 

77.  The  surface  heat  exchange  concepts  are  implemented  in  the 
WESTEX  model  by  the  exponential  penetration  of  a percentage  of  the  in- 
coming short-wave  radiation  and  the  placement  of  the  effect  of  all  other 
sources  of  surface  heat  exchange  into  the  surface  layer.  This  can  be 
expressed  mathematically  by  the  following  two  equations: 

Hg  = K (E  - 0)  - (1  - 6)  S (3) 
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(4) 


H.  = (1  - g)  Se  Azi 

where 

= heat  transfer  rate  into  or  out  of  surface  layer  (Langleys/day ) 
g = fraction  of  short-wave  radiation  absorbed  in  the  surface  layer 
S = total  incoming  short-wave  radiation  (Langleys/day) 

= rate  of  heat  absorbed  in  layer  (i)  (Langleys/day) 
e = natural  logarithmic  base  (2.7183) 

X = absorption  coefficient  (m  ^) 

z^  = depth  below  surface  (m) 

78.  The  process  of  inflow  into  a lake  is  simulated  in  WESTEX  by  the 
placement  of  inflow  quantity  and  quality  at  that  layer  where  the  density 
of  the  lake  corresponds  most  nearly  to  the  density  of  the  inflow.  Re- 
search efforts  and  physical  model  studies  at  WES  have  indicated  the 
existence  of  entrainment-induced  density  currents  that  flow  upstream 
along  the  surface  into  the  turbulent  mixing  zone  caused  by  the  inflow. 
Entrainment  is  implemented  in  the  model  by  augmenting  the  inflow  quantity 
with  a volume  from  the  surface  layer.  Characteristics  of  inflow  and  the 
entrained  flow  are  averaged,  and  mixed  values  of  density,  temperature, 
and  other  water-quality  parameters  are  determined.  The  mixed  density 

j is  used  to  determine  placement  of  the  total  quantity  and  mixed  quality. 

Simulation  of  the  inflow  process  displaces  upward  a volume  equal  to  the 
total  inflow  quantity.  This  upward  displacement  is  reflected  in  trie 
model  by  an  increase  in  the  water  surface.  A corresponding  decrease 
in  water  surface  occurs  as  a result  of  the  outflow  simulation  process. 

79.  The  volume  of  the  entrained  current  is  generally  expressed  as 
a percentage  of  the  inflow  quantity.  Prior  flume  studies  indicated  that 
this  percentage  ranges  from  0 to  nearly  200  percent.  The  percentage 

is  thought  to  be  a function  of  slope,  width,  flow  quantity,  density  of 
inflow,  and  density  within  the  lake;  but  such  analytical  relationships 
have  not  been  determined. 

80.  The  internal  dispersion  process  is  represented  by  an  internal 
mixing  scheme  based  on  a simple  diffusion  analogy.  Internal  mixing 
transfers  heat  and  other  water-quality  constituents  between  adjacent  layers. 
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The  magnitude  of  the  transfer  between  two  layers  is  a percentage  of  the 
total  transfer  required  to  mix  the  two  layers  completely.  This  per- 
centage is  a mixing  coefficient  that  is  defined  for  every  layer.  Data 
input  includes  values  of  the  mixing  coefficient  at  the  top  and  at  the 
bottom  of  the  lake.  An  exponential  fit  between  the  two  extreme  values 
is  used  to  determine  the  appropriate  coefficient  at  each  layer. 

81.  The  outflow  component  of  the  model  incorporates  the  selective 

21 

withdrawal  techniques  developed  at  WES.  Transcendental  equations  de- 
fining the  zero  velocity  limits  of  the  withdrawal  zone  are  solved  with  a 
half-interval  search  method.  With  knowledge  of  the  withdrawal  limits, 
the  velocity  profile  due  to  outflow  can  be  determined.  The  flow  from 
each  layer  is  then  the  product  of  the  velocity  in  the  layer,  the  width 
of  the  layer,  and  the  thickness  of  the  layer.  A flow-weighted  average 
is  applied  to  water-quality  profiles  to  determine  the  value  of  the  re- 
lease content  of  each  parameter  for  each  time  step. 

82.  The  lake  regulation  algorithms  have  been  developed  to  realisti- 
cally simulate  the  field  operation  of  a selective  withdrawal  system.  The 
selective  withdrawal  system  is  assumed  to  be  configured  with  an  arbitrary 
number  of  selective  withdrawal  intakes  located  in  eaqh  of  two  wet  wells 
with  a separate  floodgate.  Maximum  flows  and  minimum  flows  from  each  in- 
take and  from  the  floodgate  must  be  specified.  Also,  the  maximum  flow 
for  the  selective  withdrawal  system  is  specified.  The  algorithms  at- 
tempt to  withdraw  water  numerically  at  or  near  the  objective  temperature. 
Withdrawal  will  be  from  either  one  intake  level,  two  adjacent  intake 
levels,  and/or  the  flood  control  intake,  depending  upon  the  objective 
temperature,  the  temperature  profile,  the  intake  capacities,  and  the 
amount  of  flow  to  be  released. 

83.  The  WESTEX  model  contains  a simple  method  for  routing  dissolved 

oxygen  (DO)  and  biochemical  oxygen  demand  (BOD)  based  on  the  work  of 
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Bella,  Carroll  and  Fruh,  and  Markofsky  and  Harleman.  The  DO  and 

BOD  content  of  the  inflow  into  the  lake  and  the  outflow  from  the  lake 
are  evaluated  and  used  to  adjust  profiles  within  the  lake.  The  surface 
layers  are  assumed  saturated  with  DO.  The  saturation  condition  is  ex- 
tended from  the  surface  down  to  the  depth  a ’hich  a 1°C  temperature 
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difference  exists  from  the  temperature  of  the  water  surface.  After 
saturation  of  the  surface  layers,  the  process  of  mixing  between  adjacent 
layers  occurs.  A depletion  term  for  DO  is  then  applied  to  every  layer 
below  the  saturation  zone.  The  DO  depletion  rate  is  of  the  form: 


D = [k(T)J 


(5) 


-1, 


where 

D = DO  depletion  rate  (mg/2,/day) 

K(T)  = temperature  dependent  deoxygenation  coefficient  (day  '*') 

L = existing  BOD  (mg/Z) 

84.  The  temperature-dependent  deoxygenation  coefficient  is  found 
in  the  literature  as: 


K(T)  = K(20)  (1.047) 


T-20 


(6) 


where 


K(20)  = deoxygenation  coefficient  at  20°C  (day 
T = temperature  within  the  layer  (°C) 

85.  The  BOD  depletion  rate  has  the  form: 


B = K 


*b 


(Reference  20)  (7) 


where 

B = BOD  depletion  rate  (mg/£/day) 

= decay  coefficient  (day  ^) 

L = BOD  (mg/Z) 

Subtracting  the  DO  and  BOD  depletions  from  the  existing  DO  and  BOD  in 
each  layer  yields  the  final  DO  and  BOD  content  in  every  layer  for  the 
time  step.  When  data  required  for  the  routing  of  BOD  proved  to  be  in- 
adequate, a constant  value  of  BOD  in  the  lake  was  assumed. 

86.  Dissolved  oxygen  is  an  unconservative  parameter  whose  temporal 
and  spatial  dynamics  are  influenced  by  biological,  chemical,  and 
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physical  processes.  The  simple  approach  used  in  the  WESTEX  model  can 
provide  useful  information  concerning  relative  effects  of  reservoir 
hydrodynamics  and  project  operations  on  in-lake  DO  profiles  and  down- 
stream releases.  However,  in  making  predictions  of  dissolved  oxygen 
concentrations  and  in  analyzing  effects  of  varying  organic  and  nutrient 
loadings,  other  approaches  are  desirable.  Dissolved  oxygen  simulations 
made  using  the  WESTEX  model  are  compared  elsewhere  in  this  report  with 
ecologic  simulations  and  with  data  from  existing  reservoirs  in  the  area. 

Selection  of  Study  Years 

87.  For  the  selection  of  study  years,  statistical  analyses  of  mean 
monthly  streamflow  and  mean  monthly  dry  bulb  temperature  were  conducted 
for  the  period  of  record  1944-71  (Plate  1) . Study  years  were  limited  to 
this  period  due  to  lack  of  adequate  meteorological  data  prior  to  1944 
and  streamflow  records  after  1971.  Only  records  from  March  through 
October  were  considered  in  the  selection  of  study  years  because  ex- 
perience has  shown  that  this  is  the  period  in  which  density  stratifica- 
tion in  the  lake  is  most  affected  by  hydrology  and  meteorology.  Emphasis 
was  given  to  the  characteristics  of  the  spring  months  due  to  the  particu- 
lar importance  of  these  months  in  fish  reproductive  cycles. 

88.  Combinations  of  above  average,  average,  and  below  average 
hydrologic  and  meteorologic  conditions  were  considered  in  the  selection 
of  study  years.  The  nine  years  discussed  below  were  selected  for  the 
Arcadia  Lake  water-quality  investigation. 

a.  1947  - Runoff  was  less  than  average  for  the  period  January 
to  March  and  was  well  above  normal  for  the  remainder  of 
the  year.  Air  temperatures  were  slightly  colder  than 
average  through  July  and  much  warmer  than  average  from 
August  through  October. 

b^.  1953  - Runoff  was  slightly  greater  than  average  for  the 

stratification  period.  Air  temperatures  were  near  average 
for  most  of  the  year,  although  they  were  much  warmer  than 
average  in  June. 

£.  1954  - Runoff  was  well  below  average  throughout  the  year. 

Air  temperatures  were  relatively  cold  in  May  and  warm  in 
April  and  from  July  through  September. 
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ci.  1954  - Runoff  was  well  below  average  throughout  the  year. 

Air  temperatures  were  near  average  throughout  the  year. 

e_.  1957  - Runoff  was  greater  than  average  during  the  stratifi- 

cation period.  Air  temperatures  were  colder  than  average 
over  most  of  the  year. 

_f . 1958  - Runoff  was  near  average  throughout  the  year.  Air 

temperature  was  near  average  throughout  the  stratification 
period  but  colder  before  and  after  the  stratification 
period . 

£.  1963  - Runoff  was  less  than  average  throughout  the  year. 

Air  temperature  was  average  for  most  of  the  stratification 
period  but  was  warmer  in  April  and  October. 

h.  1969  - Runoff  was  average  for  the  first  half  of  the  year 

and  less  than  average  for  the  second  half.  Air  temperature 
was  colder  than  average  in  March,  June,  and  October  but  was 
average  the  rest  of  the  year. 

i^.  1970  - Runoff  was  slightly  less  than  average  throughout  most 

of  the  year  and  cold  during  October. 

Data  Requirements 

Meteorology 

89.  Meteorological  data  from  the  Oklahoma  City  Weather  Station  were 
used  for  this  study.  The  weather  station  is  located  approximately 
16  km  southwest  of  the  proposed  project.  The  required  data  consist 
of  dry  bulb  temperature,  dew  point  temperature,  wind  speed,  and  cloud 
cover.  These  data  were  obtained  from  the  National  Climatic  Center  in 
Asheville,  North  Carolina.  Eight  observations  were  furnished  for  each 
day.  Daily  average  values  were  computed  and  used  to  determine  equilib- 
rium temperatures,  surface  heat  exchange  coefficients,  and  daily  average 
net  solar  radiation  for  all  study  years. 


90.  Mean  daily  lake  inflow  and  outflow  quantities  are  shown  in 
Plate  2.  Hydrologic  routings  were  based  on  the  proposed  plan  of  opera- 
tion of  the  project. 

Stream  temperature 

91,  Stream  temperature  records  for  each  of  the  nine  study  years 
were  not  available.  Observed  stream  temperatures  on  the  Deep  Fork  at 


Oklahoma  City  existed  for  the  period  1970  through  1973.  A total  of  45 
grab  samples  were  available  for  stream  temperature  analysis.  These  data 
were  used  in  the  development  of  a regression  equation  relating  air 
temperature  to  observed  stream  temperature.  The  following  regression 
model  was  used: 


0t  = a + Tt  + 


62  Vl  + 


e3  Tt-2  + 


e4  Tt-3 


where 


0 = stream  temperature  (°C) 


t = Julian  day 

T = dry  bulb  temperature  (°C) 

a and  6 are  regression  coefficients  as  follows: 


a = 4.076 
&1  = 0.4271 
B2  = 0.1845 
8„  = 0.0391 

J 

6.  = 0.1433 
4 


(8) 


Equation  8 is  considered  to  describe  the  daily  average  natural  stream 
temperature  at  the  project  inflow.  The  computed  stream  temperatures 
(Plate  3)  were  used  as  input  for  the  model  simulations. 

Objective  temperature 

92.  A least-square  analysis  was  used  to  fit  a harmonic  curve  to 
the  predicted  stream  temperatures  for  the  nine  study  years.  The  curve 
represents  the  average  annual  natural  stream  temperature  variation  to  be 
expected  during  a year.  The  following  regression  model  was  used: 


0t  = A sin  (Bt  + C)  + D (9) 

where 

0 = average  stream  temperature  (°C) 
t = Julian  day 

The  coefficient  B is  a unit  conversion  from  days  to  radians. 
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The  coefficients  A,  C,  and  D were  determined  by  solution  of  Equation  8 
with  the  Newton-Raphson  technique  and  were  computed  to  be  the  following: 

A = -9 . 87°C 

B = 0.01721  radians/day 
C = 1.230  radians 
D = 16 . 16°C 

Equation  9 was  used  to  define  the  project  release  temperature  objective. 
Dissolved  oxygen 

93.  Measurements  of  DO  and  BOD  in  22  grab  samples  from  the  Deep 
Fork  River  were  provided  by  USGS.  A regression  analysis  was  performed 
relating  observed  DO  to  saturated  DO  in  the  stream.  The  regression 
coefficients  were  used  to  generate  daily  values  of  DO  content  of  the  flow 
entering  the  lake  for  all  of  the  study  years.  As  shown  in  the  litera- 
ture, the  expression  for  saturated  DO  in  a stream  as  a function  of 
stream  temperature  is: 
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S 


1 

A + B0 


(10) 


where 

Dg  = saturated  dissolved  oxygen  value  (mg/&) 

0 = stream  temperature  (°C) 

A and  B are  constants  as  follows: 

A = 0.0677 
B = 0.00208 

94.  A linear  regression  of  observed  DO  with  saturated  DO  used  the 
following  regression  equation: 

D.  = a Dg  + 6 (11) 


where 

D^  = inflow  DO  (mg/fl) 

Dg  = saturated  DO  (mg/H) 

a and  6 were  computed  to  be  the  following: 
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These  relations  provided  daily  values  of  inflow  dissolved  oxygen  to  be 
used  as  input  to  the  model. 

95.  It  was  ascertained  that  insufficient  data  exist  for  the  genera- 
tion of  daily  input  values  of  BOD.  Simulations  were  therefore  conducted 
with  an  oxygen  demand  independent  of  time  and  depth.  No  attempt  was 

made  to  route  BOD;  rather  the  constant  demand  was  maintained  throughout 
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the  simulation  period.  Markofsky  and  Harleman  suggest  that  oxygen 
decay  rates  that  are  reasonable  in  a stream  environment  may  be  inap- 
propriate for  use  in  a lake.  A 5-day  BOD  value  will  not  be  a good  es- 
timate of  ultimate  BOD  in  a lake,  and  the  decay  rate  may  proceed  at  a 
slower  rate  than  in  a stream.  Markofsky  and  Harleman  suggest  using  a 

decay  coefficient  on  the  order  of  0.01  and  increasing  the  5-day  BOD 
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values  to  represent  a larger  ultimate  demand.  Accurate  estimation  of 
ultimate  BOD  in  Arcadia  Lake  is,  however,  not  possible  with  existing 
data. 

22,23 

96.  It  has  been  observed  ’ that  the  overall  oxygen  depletion 

rate  in  a relatively  unpolluted  lake  is  on  the  order  of  0.1  mg/i/day. 

This  value  of  an  oxygen-depletion  rate  was  verified  and  used  for  the 
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Richard  B.  Russell  Water  Quality  Study.  For  the  Arcadia  Lake  investi- 
gation, simulations  were  conducted  with  a deoxygenation  coefficient  of 
0.01  and  constant  oxygen  demands  of  2 and  45  mg/i.  The  value  of  2 mg/£ 
represents  relatively  unpolluted  conditions.  The  value  of  45  rng/S.  is 
the  largest  value  of  5-day  BOD  observed  in  the  Deep  Fork  River  and  thus 
represents  an  extreme  degree  of  pollution.  These  two  conditions  give 
average  oxygen  depletions  of  0.02  and  0.45  mg/2./day,  respectively. 

These  two  values  of  oxygen  depletion  should  bracket  the  depletion  that 
would  exist  in  Arcadia  Lake  with  current  and  future  BOD  loadings. 

Model  Calibration 

97.  As  has  been  discussed  previously,  the  WESTEX  model  requires 
the  determination  of  coefficients  of  surface  heat  exchange  distribution 
and  internal  mixing.  For  Arcadia  Lake  these  coefficients  were  deter- 
mined by  conducting  simulations  with  1970  hydrologic  and  meteorologic 
data.  Coefficients  were  adjusted  and  simulation  was  repeated  until  the 
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predicted  temperature  profiles  corresponded  in  shape  and  range  to  those 
observed  in  three  existing  Oklahoma  lakes.  The  lakes  used  for  this 
purpose  were  Arbuckle,  Oologah,  and  Keystone.  Profiles  of  temperature 
and  DO  were  obtained  from  TD  (Plate  4). 

98.  The  following  coefficients  were  determined  from  this  analysis: 

8 = fraction  of  incoming  short-wave  radiation 
absorbed  in  the  surface  layer  =0.6 

X = absorption  coefficient  = 0.66  m ^ 

= mixing  coefficient  at  surface  =0.6 

= mixing  coefficient  at  bottom  =0.3 

99.  The  mixing  coefficients  for  Arcadia  Lake  simulations  were  con- 
siderably larger  than  the  coefficients  used  in  previous  studies  of  other 
lakes  by  WES.  This  was  done  to  simulate  mixing  which  will  occur  due 

to  wind  shear  at  the  lake  surface.  Large  magnitudes  of  wind  speed  have 
been  consistently  recorded  at  the  Oklahoma  City  Weather  Station  (Plate  5)  . 
Profiles  from  Arbuckle  Lake  show  considerable  mixing. 

Simulations 


Location  of  selective 
withdrawal  intakes 

100.  Many  intake  configurations  were  considered  in  the  analysis  of 
location  of  selective  withdrawal  intakes.  Two  of  these  configurations 
were  found  to  provide  the  best  capability  for  satisfying  downstream  tem- 
perature objectives.  One  configuration  consisted  of  two  wet  wells  and  a 
separate  floodgate.  Each  wet  well  contained  two  levels  of  selective  with- 
drawal intakes.  The  second  configuration  consisted  of  seven  intakes  in 

a single  wet  well  and  a separate  floodg  te. 

101.  The  configuration  with  two  wet  wells,  hereafter  referred  to  as 
the  "2-port  operation,"  had  intake  levels  at  12.2  and  16.8  m above  the 
base  of  the  dam  and  a floodgate  with  center  line  at  3.0  m above  the  bot- 
tom. This  operation  allowed  passage  of  flow  through  one  intake  in  each 
wet  well.  Blending  of  flows  with  two  selective  withdrawal  intakes  or  one 
intake  and  the  floodgate  could  be  used  to  achieve  a downstream  objective 
temperature . 
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102.  The  configuration  with  seven  intakes  in  one  wet  well  will  be 
identified  as  the  "7-port  operation."  Intakes  were  located  above  the 
bottom  at  9.1,  IJ.7,  12.2,  13.7,  15.2,  16.8,  and  18.3  m.  The  floodgate 
center  line  was  again  located  at  3.0  m above  the  bottom.  With  seven- 
level  operation,  the  intake  structure  is  simpler,  but  blending  is  allowed 
only  between  one  selective  withdrawal  intake  and  the  floodgate. 

103.  All  simulations  were  conducted  with  a maximum  flow  capacity 

3 

of  1.4  m /sec  for  each  of  the  selective  withdrawal  intakes.  This  ca- 
pacity was  adequate  for  all  of  the  study  years  except  for  a few  days  in 

1947  when  relatively  high  flows  occurred  in  the  spring  months.  Minimum 
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flow  capacities  of  0.06  m /sec  were  used  for  selective  withdrawal  intakes 
and  the  floodgate. 

104.  The  7-port  operation  has  been  described  as  containing  seven 
intakes  into  a single  wet  well.  This  concept  could  be  implemented  with 
a pipe  at  each  intake  level  including  the  floodgate.  Control  of  low 
flows  could  be  accomplished  with  a butterfly  valve  at  each  intake.  Thus 
many  intakes  could  be  provided  economically  and  control  of  low  flow  at 
various  elevations  could  be  accomplished. 

Temperature 

105.  Simulations  were  conducted  for  both  of  the  selected  intake 
configurations.  Plates  6 and  7 show  the  capability  of  the  two  systems 
for  meeting  an  objective  temperature.  Also  shown  in  these  plates  are  the 
port  level  hydrographs  for  operation  to  achieve  the  objective  tempera- 
ture. 

106.  Acceptable  release  temperatures  can  be  achieved  for  all 
combinations  of  hydrology  and  meteorology  investigated.  It  can  be  noted 
in  Plate  7 that  with  7-port  operation,  each  of  the  lower  ports  was  used 
during  every  study  year.  The  top  intake  was  not  used  during  the  years 
1956,  1969,  and  1970  because  the  pool  dep-h  emained  below  the  elevation 
of  the  intake.  Two  or  three  of  the  intakes  in  the  middle  of  the  wet  well 
could  possibly  be  eliminated  without  adversely  affecting  release  tempera- 
tures. The  structure  of  the  temperature  within  the  lake  during  the  year 
can  be  seen  in  the  isotherm  plots  presented  in  Plates  8 and  9.  Due  to 
small  outflow  quantities,  very  little  difference  in  temperature 
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structure  can  be  observed  for  the  two  intake  configurations. 

Dissolved  oxygen 

107.  Simulations  were  conducted  for  both  intake  configurations  with 
a constant  BOD  of  2 mg/£.  Very  little  difference  was  observed  in  DO 
profiles  and  release  DO  content  for  the  two  configurations.  Release  DO 
was  computed  by  the  model  to  be  the  DO  entering  the  intake  structure  and 
was  above  3 rng/J,  throughout  the  year.  Additional  simulations  were  con- 
ducted with  7-port  operation  and  a constant  oxygen  demand  of  45  mg/l. 
Although  some  predicted  values  of  DO  release  were  quite  low,  most  re- 
leases were  2 mg /l  or  greater  because  downstream  flow  requirements  were 
small  and  use  of  the  low-level  floodgate  was  not  required.  Flow  was 
taken  from  the  upper  intake  levels  where  the  DO  content  was  higher  than 
at  the  bottom.  Release  DO  contents  for  the  two  BOD  conditions  are  shown 
in  Plate  10.  The  upper  band  of  points  represents  a constant  BOD  of 

2 mg/Ji.  The  lower  band  of  points  reflects  a BOD  of  45  mg/J l . Plate  11 
shows  isogram  plots  of  DO  within  the  lake  for  the  year  1970.  Reaeration, 
which  occurs  as  flow  passes  through  the  outlet  works  and  through  a prop- 
erly designed  stilling  basin,  will  increase  the  DO  content  of  the  down- 

9 fa 

stream  release  to  possibly  80-  to  90-percent  saturation. 

Results 

108.  The  computed  temperature  releases  for  the  proposed  Arcadia 
Lake  were  well  within  the  range  of  natural  stream  temperatures.  Although 
there  were  some  rapid  temperature  changes,  these  were  not  greater  than 
the  changes  in  natural  stream  temperatures.  The  temperature  of  the 
Arcadia  Lake  release  should  be  adequate  to  meet  water-quality  standards. 

109.  Mathematical  simulations  of  the  lake  indicated  that  isothermal 
conditions  could  occur  as  early  as  the  beginning  of  September.  This 
late  summer  overturn  could  cause  problems  in  meeting  a temperature  ob- 
jective, particularly  during  a period  of  low  pool  elevation.  However, 
the  release  temperatures  for  the  study  years  were  reasonably  close  to 
target  temperatures. 

110.  The  simulations  with  a heavy  BOD  loading  indicated  anaerobic 
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conditions  within  the  hypolimnion.  However,  the  release  water  was 
drawn  mostly  from  the  upper  ports,  resulting  in  a release  DO  usually 
above  2 mg/l.  Oxygen  uptake  through  the  stilling  basin  or  natural  re- 
oxygenation downstream  could  easily  raise  this  value  to  well  above  5 mg/1. 
The  temperature  and  DO  content  of  project  releases  should  be  satisfac- 
tory . 

111.  There  were  no  significant  differences  between  the  2-level  and 
the  7-level  operation  schemes  for  temperature  or  DO  releases.  The 
'eterminat ion  of  which  port  arrangement  to  construct  should  be  based  on 
operational  or  other  water-quality  considerations. 


PART  VI:  NUTRIENTS  AND  EUTROPHICATION  POTENTIAL 


112.  Eutrophication  is  a natural  process  that  is  a consequence  of 
high  loadings  of  available  nutrients  that  results,  at  least  some  time 
during  the  year,  in  a large  standing  biomass  of  algae.  Emphasis  was 
placed  on  nitrogen  and  phosphorus  since  the  evidence  is  overwhelming 
that  these  are  the  major  nutrients  controlling  algal  productivity  in 
water  bodies;  Deep  Fork  River  data  indicate  that  carbon  could  not  be  a 
limiting  nutrient.  Excessive  eutrophication  would  be  expected  when  the 
rate  of  supply  of  required  nutrients  in  available  form  is  in  excess  of 
nutritional  needs  necessary  to  maintain  acceptable  algal  biomass  and 
when  other  factors  such  as  light  availability,  temperature,  or  toxic 
materials  are  not  limiting  algal  growth. 

113.  Most  procedures  presently  available  to  predict  the  water 
quality  of  a proposed  impoundment  possess  some  deficiencies.  The  signifi- 
cance of  the  deficiencies  is  dependent  upon  the  adequacy  of  the  data  and 
site-specific  characteristics  of  the  impoundment.  The  relationships 
among  available  data,  specific  characteristics  of  the  impoundment,  and 
the  most  appropriate  procedure  to  use  are  not  entirely  understood,  often 
resulting  in  predictions  that  may  be  justifiably  questioned. 

114.  In  order  to  provide  defensible  predictions,  a number  of 

procedures  were  used  in  this  study:  loading  analyses,  mass-balance 

calculations,  mathematical  model  simulations,  and  bioassays.  Multiple 
approaches  were  employed  because  conclusions  could  be  postulated  with 
increased  reliability  if  the  various  procedures  provided  equivalent 
predictions . 

Existing  and  Predicted  Nutrient  Concentrations  and 
Loadings  in  the  Deep  Fork  River 

Phosphorus 

115.  An  anomaly  in  the  phosphorus  data  for  composite  samples  from 
Deep  Fork  River  was  detected.  Apparently  the  magnitude  of  a sample 
value  is  strongly  dependent  upon  the  interval  length  represented  by  the 
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composite  sample.  The  anomaly  was  observed  not  only  for  phosphorus  but 
for  all  composite  samples  for  which  an  interval  length-concentration 
analysis  was  done:  total  nitrate,  total  dissolved  solids,  chloride,  and 

sulfate.  The  relationship  between  interval  length  and  concentration  for 
phosphorus  is  presented  in  Table  7.  Composite  samples  collected  over 
intervals  of  1 to  4 days  (56  percent  of  the  composite  samples)  have  a 
mean  value  53  percent  less  than  the  mean  of  the  remaining  composite 
samples  collected  over  intervals  ranging  from  5 to  20  days.  The  large 
variability  of  sample  values  within  intervals  of  a given  length  preclude 
the  detection  of  differences  between  interval  means.  Therefore,  one  must 
conclude  that  all  composite  samples  estimate  the  same  quantity.  Ad- 
ditional studies  need  to  be  conducted  to  determine  if  composite  sampling 
is  a*valid  procedure  to  characterize  the  water  quality  of  natural  waters. 

116.  The  mean  phosphorus  concentration  for  grab  samples  over  the 
period  1969-74  was  5.5  mg  P /2  (n  = 241).  A paired  T-test  on  samples 
collected  at  corresponding  times  revealed  that  the  mean  difference 
between  grab  samples  (5.1  mg  P/£)  and  composite  samples  (5.6  mg  P/2.)  was 
not  significantly  different  from  zero  (P>0.4,  n = 32).  Therefore,  one 
must  conclude  that  the  tw  sample  procedures  estimate  the  same  quantity 
and  that  the  apparent  differences  between  procedures  represent  the  in- 
herent variability  of  the  phosphorus  data. 

117.  The  existing  data  record  reveals  considerable  irregularity  in 
the  time  elapsing  between  sampling  for  most  water-quality  constituents. 
For  purposes  of  comparison  between  procedures,  a weighted  mean  over  the 
study  period  was  calculated.  Often  the  weighted  mean  differed  slightly 
from  the  averages  presented  in  Table  6 in  which  each  sample  value  was 
weighted  equally.  Weighted  means  were  calculated  at  a monthly  resolution 
in  which  each  month  was  weighted  equally  regardless  of  the  number  of  ob- 
servations made  in  a month.  Weighted  means  over  the  period  1969-74  were 

alculated  by  weighting  each  year  proportionally  to  the  number  of  months 
in  the  year  in  which  at  least  one  observation  was  made. 

118.  Using  this  weighting  procedure,  the  average  composite  phos- 
phorus concentration  over  the  interval  1969-74  was  5.0  mg  P/2,  and  the 
average  phosphorus  concentration  estimated  with  grab  sample  values  was 

5.5  mg  P/2.  Phosphorus  concentrations  decreased  over  the  study 
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period  but  phosphorus  loadings  generally  remained  uniform  over  the  period 
(Table  8). 

119.  Examination  of  phosphorus  data  near  Arcadia  compiled  by 
agencies  other  than  the  USGS  reveals  similar  concentrations  and  decreases 
over  time  (Table  9). 

120.  Average  phosphorus  concentration  measured  in  the  final  efflu- 
ent of  the  Northside  STP  was  1.33  mg  P/il  (Table  5),  considerably  less 
than  sample  values  measured  near  Arcadia.  Since  the  final  effluent  is 
contributing  considerably  more  flow  than  mass  of  phosphorus  relative  to 
the  river  discharge  near  Arcadia,  calculations  indicate  that  relocation 
of  the  STP  will  result  in  64-  to  66-percent  increase  in  instream  concen- 
trations and  a 2-  to  26-percent  reduction  in  loadings  (Table  10). 

Previous  sampling  of  the  STP  effluent  showed  concentrations  varying 
between  0.27  and  45.7  mg/i  with  an  overall  mean  of  12  mg/ Z (Table  2). 

If  average  phosphorus  concentration  in  the  effluent  were  12  mg/l,  relo- 
cation of  the  plant  would  decrease  loadings  68  to  77  percent.  However, 
because  the  variability  of  the  various  phosphorus  data  precludes  the 
detection  of  extremes  in  the  data,  the  estimate  of  1.33  mg /I  was  used  to 
calculate  loading  reductions  due  to  STP  relocation.  Therefore,  calcu- 
lated reductions  should  be  considered  conservative. 

Nitrogen 

121.  Both  composite  samples  and  grab  samples  were  collected  and 
analyzed  for  nitrogen.  Composite  samples  were  analyzed  for  total  nitrate 
nitrogen.  Presumedly,  the  total  nitrate  values  reflect  the  total  nitro- 
gen content  of  the  sample,  the  rationale  being  that  the  storage  period 

of  composite  samples  was  of  sufficient  length  for  most  nitrogen  forms  to 
be  converted  into  nitrate.  Grab  samples  were  analyzed  for  total  nitrate, 
nitrite,  and  ammonia  plus  organic  nitrogen.  The  sum  of  the  nitrogen 
forms  provides  an  estimate  of  total  nitrogen. 

122.  Composite  nitrogen  samples  displayed  anomalies  similar  to  that 
of  phosphorus;  sample  values  were  dependent  upon  the  interval  length 
represented  by  the  sample  (Table  11).  Composite  nitrogen  samples  col- 
lected over  intervals  of  1 to  4 days  (54  percent  of  the  composite 
samples)  had  a mean  value  56  percent  less  than  the  mean  of  the  remaining 
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composite  samples  collected  over  intervals  ranging  from  5 to  20  days. 
Large  variability  of  sample  values  within  intervals  of  a given  length 
precluded  the  detection  of  differences  between  interval  means. 

123.  Average  total  nitrogen  concentration  over  the  period  1969-74 
estimated  by  grab  samples  was  12  mg  N/£.  (n  = 43).  Average  nitrogen  con- 
centration estimated  by  composite  nitrate  nitrogen  was  7.1  mg  N / H 

(n  = 308).  A comparison  of  composite  and  grab  estimates  of  total  nitro- 
gen using  the  paired  T-test  with  time  of  collection  as  the  basis  for 
pairing  revealed  that  the  mean  difference  between  the  two  estimates  is 
significantly  different  from  zero  (P<0.001,  n = 42).  Based  on  these  re- 
sults one  may  conclude  that  the  two  procedures  estimate  different  quanti- 
ties. However,  a decision  was  not  made  as  to  which  estimate  was  more 
reliable.  Throughout  the  report,  calculations  were  made  and  conclusions 
based  on  both  estimates.  The  disparity  of  results  based  upon  the  two 
estimates  provides  an  indication  of  the  uncertainty  of  the  predictions. 

124.  Loading  estimates  based  upon  composite  samples  averaged  ap- 
proximately 40  percent  less  than  estimates  based  upon  grab  samples. 
Loading  rates  over  the  period  1969  to  1974  averaged  336,000  and 
620,000  kg/yr  for  composite  and  grab  samples,  respectively  (Table  12). 
Examination  of  Table  12  demonstrates  a rather  consistent  decrease  in 
composite  nitrogen  concentrations  over  the  period  of  record  while  total 
grab  sample  nitrogen  concentrations  generally  remained  constant. 

125.  Comparison  of  data  collected  near  Arcadia  and  compiled  by 
agencies  other  than  the  USGS  reveals  a decrease  with  time  of  nitrate 
concentrations  and  a rather  constant  ammonia  concentration  (Table  9). 

126.  Average  total  nitrogen  concentration  measured  in  the  final 
effluent  of  the  Northside  STP  was  12.7  mg  N/£,  which  is  greater  than 
average  composite  nitrogen  concentration  but  approximately  equal  to 
total  nitrogen  estimates  based  upon  grab  samples  from  the  Deep  Fork 
River  near  Arcadia.  The  calculated  result  of  diverting  the  sewage 
effluent  is  summarized  in  Table  10.  Composite  sample  concentrations  are 
decreased  17  percent  and  loadings  are  decreased  54  percent.  In  contrast, 
grab  sample  concentrations  increase  3 percent,  while  loadings  decrease 

28  percent. 


52 


Predicted  nutrient  loadings 
using  a land-use  approach 

127.  The  purpose  of  using  a land-use  approach  in  this  study  was  to 
estimate  how  phosphorus  and  nitrogen  loadings  to  the  proposed  Arcadia  im- 
poundment may  change  with  time.  Existing  watershed  models  with  water- 
quality  subroutines  nave  not  been  adequately  developed  and  verified  to 

be  applied  for  predictive  purposes  with  confidence  unless  rather  ex- 
tensive on-site  calibration  and  verification  are  possible.  In  cases 
where  an  extensive  effort  is  not  possible,  equally  or  perhaps  more  re- 
liable predictions  can  be  made  from  anticipated  land-use  changes.  This 
required  a calculation  based  on  present  land  use,  a comparison  with 
present  loadings  estimated  from  concentration-discharge  analyses,  and  a 
calculation  of  how  the  land  use  and  loads  may  change  with  time. 

128.  A calculation  of  loadings  based  on  land  use  requires  a knowl- 
edge of  how  much  land  is  used  for  a particular  purpose  within  a basin. 

The  loading  from  a particular  use  is  considered  to  be  equal  to  the  area 
of  land  committed  to  that  use  times  the  amount  of  material  that  can  be 
derived  from  runoff  per  unit  of  area.  When  these  values  are  summed  over 
all  uses  within  a watershed,  the  result  is  an  estimate  of  the  total 
loading  for  the  watershed. 

129.  The  present  land  use  for  the  Deep  Fork  River  basin  was  deter- 
mined using  information  provided  in  the  General  Design  Memorandum  for 
Arcadia  Lake  (Figure  1).'*'  The  categories  considered  were  pasture,  cul- 
tivated, wooded,  urban,  and  open  land.  Actual  urban  land  area  was  cal- 
culated as  equal  to  percent  urbanization  times  land  area  designated  as 
urban.  The  remaining  urban  land  area  was  designated  open  land. 

With  the  exception  of  phosphorus  export  from  urban  land, 

phosphorus  and  nitrogen  yields  per  unit  area  used  in  the  calculations 
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were  based  on  values  listed  in  a paper  by  Shannon  and  Brezonik.  The 
value  used  to  determine  the  amount  of  phosphorus  derived  from  urban 
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activity  was  taken  from  a study  of  urban  runoff  in  Tulsa,  Oklahoma. 

The  export  values  used  are  tabulated  in  the  yield  columns  of  Tables  13 
and  15. 

130.  Little  consistency  can  be  found  in  land-use  nutrient-export 

53 


W 


i 


relationships  reported  in  the  literature  from  one  study  to  another. 

Examination  of  two  of  the  more  recent  and  comprehensive  reviews,  one  by 
30  31 

Loehr  and  the  second  by  the  EPA,  indicates  that  little  basis  exists 
for  selecting  one  yield  value  over  another.  The  paucity  of  studies  for 
the  southern  Great  Plains  makes  selection  based  on  similar  climatological 
conditions  questionable.  Similarly,  most  studies  were  conducted  in  the 
eastern  and  northeastern  United  States,  making  hazardous  the  extrapola- 
tion of  values  obtained  by  averaging  over  separate  study  values.  Time 
constraints  for  this  study  did  not  permit  the  field  data  collection  re- 
quired to  develop  land-use  loading  relationships  for  the  Arcadia  water- 
shed . 

131.  Phosphorus  loadings.  The  phosphorus  loading  at  Arcadia  cal- 
culated for  the  present  land-use  pattern  is  143,000  kg/yr.  Allowing  for 
minor  land-use  changes  due  to  reservoir  construction  and  diversion  of  the 
domestic  sewage  effluent,  the  loading  after  impoundment  would  be  reduced 
to  26,000  kg/yr  (Table  13). 

132.  An  estimated  loading  for  the  Year  2000  was  calculated  using 
the  following  assumptions.  It  was  assumed  that  80  percent  of  the  present 
population  in  the  Deep  Fork  basin  is  in  the  urban  area  with  a density  of 
13  persons/ha.  It  was  assumed  that  80  percent  of  the  projected  popula- 
tion would  also  be  located  in  the  urban  area  and  that  the  density  would 
remain  the  same.  Finally,  it  was  assumed  that  the  urban  area  would  grow 

at  the  expense  of  the  open  area.  Projected  population  in  the  Arcadia 

3 

Lake  watershed  was  obtained  from  the  OSU  water-quality  study.  The 

Regional  Land  Use  Plan  for  Central  Oklahoma  prepared  by  the  ACOG  provided 

little  information  that  could  be  used  to  estimate  land  use  or  population 
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distribution  within  the  watershed.  The  Regional  Land  Use  Plan  applies 
to  an  area  of  751,400  ha  and  provides  insufficient  resolution  to  project 
conditions  in  the  27,200-ha  Arcadia  Lake  watershed. 

133.  Based  on  the  assumptions  outlined  above,  the  projected  phos- 
phorus loading  to  Arcadia  Lake  for  the  Year  2000  is  46,000  kg/yr.  This 
value  is  approximately  one-third  of  the  present  calculated  phosphorus 
loading  rate  and  double  the  estimated  phosphorus  loading  rate  following 
construction  of  a dam  at  Arcadia  and  diversion  of  the  sewage  treatment 
plant  discharge. 
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135.  Nitrogen  loadings.  The  loading  of  nitrogen  at  Arcadia  cal- 
culated from  present  land-use  practices  is  690,000  kg/yr.  It  is 
estimated  that  the  loading  would  drop  to  125,000  kg/yr  following  con- 
struction of  the  impoundment  at  Arcadia,  largely  due  to  sewage  diversion, 
and  then  increase  to  174,000  kg/yr  by  the  Year  2000  (Table  14).  This  is 
essentially  the  same  pattern  predicted  for  phosphorus  except  that  the 
phosphorus  loading  increased  faster  than  the  nitrogen  loadings  between 
impoundment  and  the  Year  2000. 

136.  Comparison  with  measured  loadings.  The  calculated  loadings 
of  nitrogen  and  phosphorus  obtained  using  the  land-use  method  were 
compared  to  loadings  derived  from  flow  and  concentration  data  (Table  15) . 
An  examination  of  phosphorus  data  revealed  that  the  land-use  method 
provided  loading  estimates  2 to  10  times  lower  than  flow-concentration 
estimates.  The  land-use  estimate  of  the  present  (preconstruction) 
loading  rate  was  39  to  46  percent  less  than  estimates  calculated  using 
flow-concentration  data,  while  the  land-use  estimate  of  loading  rate 
following  impoundment  construction  was  85  to  90  percent  less  than  flow- 
concentration  predictions.  The  ranges  are  due  to  differences  in  esti- 
mates based  on  grab  and  composite  samples.  The  greater  disparity  in 
estimates  of  loadings  following  Impoundment  construction  may  be  due  to 
the  fact  that  the  land-use  calcuia^ions  assume  all  sewage  effluents  were 
diverted  from  the  watershed,  while  the  flow-concentration  calculations 
only  assume  the  Northside  STP  efflu  at  will  be  diverted  from  the  water- 
shed . 

137.  In  contrast,  land-use  nitrogen  load  estimates  are  12  to 
105  percent  greater  than  flow-concentration  estimates  based  on  pre- 
construction data  and  are  28  to  72  percent  less  following  construction. 
The  greater  reduction  in  nitrogen  loadings  following  sewage  effluent 
diversion  demonstrated  by  the  land-use  data  may  be  interpreted  similarly 
to  that  for  phosphorus.  Land-use  calculations  assume  total  diversion  of 
all  domestic  sewage  while  flow-concentration  calculations  assume  relo- 
cation of  only  the  Northside  STP. 

138.  The  disparity  of  phosphorus  loading  rates  calculated  by  the 
land-use  ard  concentration-flow  methods  as  well  as  the  large  difference 
in  nitrogen  loading  rate  estimates  calculated  using  flow-concentrations 
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and  based  on  grab  and  composite  samples  make  uncertain  the  estimation 
of  reliable  nutrient  loading  rates.  However,  the  land-use  method  provides 
an  indication  of  trends  to  be  expected  following  impoundment  and  demon- 
strates the  significance  of  domestic  sewage  loading  and  urban  land  as  a 
diffuse  source  of  nutrients.  Fortunately,  the  existence  of  independent 
estimates  of  disparate  nutrient  loading  rates  explicitly  embodies  the 
uncertainties  associated  with  the  evaluation  of  the  eutrophication  po- 
tential of  Arcadia  Lake  and  suggests  cautious  reliance  upon  the  results 
of  any  single  procedure  used  alone. 

Evalution  of  Arcadia  Lake  Eutrophy 
Based  Upon  Loadings 


Critical  concentrations 

139.  Numerous  attempts  have  been  made  to  correlate  algal  productiv- 
ity to  mean  nitrogen  and  phosphorus  concentrations.  These  attempts  were 
motivated  by  the  observation  that  eutrophic  waters  are  generally  charac- 
terized by  higher  nutrient  concentrations  than  oligotrophic  waters. 

In  1947  Sawyer  presented  critical  limits  for  nitrogen  and  phosphorus 

that  are  most  often  referenced  when  relating  nutrient  concentrations  to 
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expected  trophic  conditions.  Work  on  Wisconsin  lakes  led  Sawyer  to 
hypothesize  that  aquatic  blooms  are  likely  to  develop  in  lakes  during 
the  summer  when  nitrogen  and  phosphorus  concentrations  exceed  0.3  and 
0.01  mg/£,  respectively,  during  the  ice-out  period.  Although  not 
directly  applicable  for  reasons  to  be  discussed  elsewhere  in  this 
section,  the  predicted  average  nitrogen  and  phosphorus  concentrations 
in  the  Deep  Fork  River  of  9 to  12  and  5 mg/L,  respectively,  suggest 
that  potential  eutrophication  problems  may  exist  due  to  nutrient  abun- 
dance . 

Loading  rates 

140.  Vollenweider 's  criterion.  In  an  attempt  to  make  the  predic- 
tion of  the  eutrophic  status  of  water  bodies  more  precise,  investigators 
have  incorporated  consideration  of  other  characteristics  of  lakes  in 
their  predictive  procedures.  In  1968,  Vollenweider  published  a compre- 
hensive review  of  the  eutrophication  literature  and  presented  a 
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procedure  to  evaluate  the  eutrophy  of  a lake  based  on  lake  mean  depth 
and  loading  rates  of  nitrogen  and  phosphorus.  ^ Until  recently 
Vollenweider ' s work  has  been  the  most  widely  used  procedure  to  predict 
the  trophic  status  of  water  bodies  based  on  nutrient  loadings. 

141.  The  basis  for  Vollenweider ' s procedure  is  that  knowledge  of 
the  rate  of  supply  of  nutrients  to  lakes  embodies  more  information  re- 
lating to  the  essentially  rate-limited  process  of  algal  productivity  than 
knowledge  of  static  concentrations  of  nutrients.  Furthermore,  specifica- 
tion of  the  mean  depth  of  a lake  implicitly  provides  general  specifica- 
tion of  other  important  lake  characteristics  such  as  sediment- to-volume 
ratios  and  possible  nutrient  transport  limitations  as  might  occur  between 
the  trophogenic  and  tropholytic  zones  of  deep  lakes. 

142.  Vollenweider ' s procedure  to  establish  permissible  loadings  of 
phosphorus  was  to  examine  30  lakes  for  which  appropriate  data  were 
available,  classify  the  lakes  according  to  mean  depth,  and  establish 
boundaries  on  loadings  for  lakes  known  to  be  eutrophic,  oligotrophic , 
and  transitional.  The  boundary  delimiting  eutrophic  and  transitional 
lakes  was  designated  the  dangerous  loading  level,  and  the  boundary 
delimiting  oligotrophic  and  transitional  was  designated  the  permissible 
loading  level.  Corresponding  levels  for  nitrogen  were  derived  by  as- 
suming a N/P  ratio  of  15:1  (by  weight)  and  transforming  phosphorus 
values  to  nitrogen  equivalents. 

143.  In  Vollenweider ' s procedure,  surface  units  were  selected  as  a 

reference  basis  with  the  specific  annual  loadings  expressed  in  terms  of 

grams  per  square  metre  of  lake  surface.  Examination  of  Arcadia  data  re- 

2 

vealed  average  annual  phosphorus  surface  loadings  of  18  and  20  g/m  for 
composite  and  grab  samples,  respectively,  over  the  period  1969-70.  Cal- 
culated phosphorus  loadings  over  the  same  period,  had  the  Northside  STP 

not  been  discharging  into  the  Deep  Fork  River,  were  estimated  to  be  14 
2 

and  20  g/m  . The  dangerous  annual  loading  phosphorus  level  based  on 

2 

Vollenweider ' s procedure  for  Arcadia  Lake  is  0.15  g/m  . Annual  projected 
loadings  for  Arcadia  Lake  far  exceed  dangerous  loading  levels  established 
by  Vollenweider. 

144.  Average  annual  nitrogen  loading  rates  to  Arcadia  are  26  and 
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48  g/rn^,  respectively,  for  composite  and  grab  samples  prior  to  sewage 

treatment  plant  relocation  and  12  and  36  g/m^  following  relocation.  The 

2 

corresponding  dangerous  loading  level  for  nitrogen  is  2.34  g/m  . Nitro- 
gen, loadings  at  Arcadia  are  similar  to  phosphorus  in  that  they  greatly 
exceed  dangerous  levels  with  respect  to  the  1968  Vollenweider  criterion. 

145.  Shannon  and  Brezonik' s procedure.  Shannon  and  Brezonik  pre- 
sented an  interesting  study  of  the  relationship  between  lake  trophic 

2 8 

state  and  nitrogen  and  phosphorus  loading  rates.  Shannon  and  Brezonik 
measured  seven  indicators  of  trophic  status  in  55  lakes  in  north-central 
Florida  over  a 1-yr  period.  The  indicators  were  primary  production, 
chlorophyll-a,  total  phosphorus,  total  organic  nitrogen,  Secchi  disk 
transparency,  specific  conductivity,  and  Pearsall's  cation  ratio 
(Na  + K)/(Ca  + Mg).  Inverse  transformations  were  made  on  Secchi  disk 
transparency  and  Pearsall's  cation  ratio  so  that  numerical  increases  in 
any  of  the  seven  variables  would  be  in  the  direction  of  increased 
eutrophy.  The  first  principal  component  extracted  from  the  correlation 
matrix  of  the  seven  indicators  was  named  the  Trophic  State  Index  (TSI). 
Comparison  of  the  calculated  TSI's  with  each  of  the  corresponding  55 
lakes  indicated  that  eutrophic  lakes  had  a TSI  greater  than  7 while 
oligotrophic  lakes  had  a TSI  less  than  4. 

146.  Concurrently  with  the  preceding  analyses.  Shannon  and 
Brezonik  estimated  nitrogen  and  phosphorus  loadings  to  each  lake  using 
a land-use  procedure.  A multiple-regression  analysis  of  TSI  on  various 
functions  of  nitrogen  and  phosphorus  loading  rates  revealed  significant 
relationships . 

147.  Shannon  and  Brezonik  then  inserted  a TSI  value  of  7 into  one 
of  the  significant  relations  and  solved  for  nitrogen  and  phosphorus 
loading  rates  subject  to  the  constraint  of  a molar  N/P  ratio  of  16:1 
(7:1  by  weight)  assumed  in  algal  cells.  The  resulting  nitrogen  and 
phosphorus  loadings  of  1.51  and  0.22  g/m^/yr  for  N and  P,  respectively, 
were  hypothesized  as  critical  loading  levels.  Similarly,  the  insertion 
of  a TSI  value  of  4 resulted  in  the  nitrogen  and  phosphorus  loadings  of 
0.86  and  0.12  g/m^/yr,  for  N and  P,  termed  permissible. 

148.  Volumetric  loading  rates  calculated  for  Arcadia  Lake  by 
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various  procedures  for  different  conditions  are  tabulated  in  Table  16. 
Phosphorus  loading  rates  calculated  using  USGS  data  collected  near  the 
proposed  damsite  exceed  the  Shannon  and  Brezonik  critical  levels  both 
prior  to  and  after  construction  by  an  order  of  magnitude.  In  contrast, 
estimated  nitrogen  loadings  after  impoundment  construction  are  greater 
than  the  critical  limit  by  a factor  of  1.2  based  on  composite  samples 
and  3.4  based  on  grab  samples. 

149.  More  meaningful  is  the  comparison  of  predicted  Arcadia 
loadings  based  on  the  land-use  method.  Shannon  and  Brezonik  used  an 
equivalent  procedure  to  derive  their  critical  limits.  The  yield  factors 
used  by  Shannon  and  Brezonik  and  in  the  calculation  of  Arcadia  loadings 
were  the  same  except  for  phosphorus  yields  from  urban  areas.  Arcadia 
calculations  used  a value  of  2.8  kg/ha/yr  while  the  Florida  lakes  study 
used  a value  of  1.1  kg/ha/yr. 

150.  Predicted  preconstruction  land-use  loadings  at  Arcadia  exceed 
the  critical  limit,  and  postconstruction  loadings  are  near  the  limit. 
Phosphorus  loadings  exceed  postulated  critical  levels  by  a factor  of 
1.4,  and  nitrogen  loadings  are  equal  to  the  limit.  By  the  Year  2000, 
nitrogen  and  phosphorus  loadings  exceed  the  critical  limit  by  factors 

of  1.3  and  2.5,  respectively. 

151.  Dillon’s  model.  Dillon  has  presented  a phosphorus  loading 
rate  procedure  relating  trophic  status  to  an  additional  variable  re- 
flecting the  flushing  rate  of  a lake  (reciprocal  of  hydraulic  residence 
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time).  Dillon  essentially  modified  observed  phosphorus  loadings  by 
multiplying  by  a factor  equal  to  the  product  of  hydraulic  residence 
time  and  the  fraction  of  phosphorus  not  retained  in  the  lake.  A plot 
of  modified  phosphorus  loading  rates  against  mean  depth  of  lakes  of 
known  trophic  status  provided  a separation  of  eutrophic,  transitional, 
and  oligo trophic  lakes. 

152.  A priori,  it  can  be  concluded  that  application  of  Dillon's 
procedure  would  result  in  conclusions  similar  to  Vollenweider ' s approach. 
Thirteen  of  27  lakes  used  by  Dillon  to  establish  permissible  loading 
rates  were  used  by  Vollenweider.  In  addition,  10  of  the  13  lakes  had 
theoretical  residence  times  nearly  equal  to  that  of  Arcadia.  For  this 
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reason  and  because  of  the  necessity  to  estimate  phosphorus  retention  in 
order  to  apply  the  approach,  Dillon's  procedure  was  not  directly  applied 
to  Arcadia  lake. 

Evaluation  and  summary 

153.  Several  serious  deficiencies  exist  in  the  application  of 
Sawyer's  critical  limits  to  impoundments  generally  and  to  Arcadia 
specifically.  Critical  concentration  limits  apply  to  concentrations  in 
the  water  column  observed  prior  to  the  vegetative  growth  period  in  the 
spring.  Nutrient  measurements  near  Arcadia  pertain  to  tributary  con- 
centrations that  provide  a very  obtuse  indication  of  concentrations  to 
be  expected  in  the  water  column.  Losses  to  the  sediments  through  chemi- 
cal precipitation,  sedimentation,  and  other  processes  would  decrease 
water  column  concentrations  to  values  lower  than  the  tributaries. 

154.  Sawyer's  critical  limits  and  Vollenweider ' s and  Dillon's 
loading  rate  procedures  were  hypothesized  based  on  observations  on 
natural  lakes.  Natural  lakes  generally  have  longer  hydraulic  residence 
times  relative  to  man-made  impoundments  that  may  completely  exchange 
water  masses  in  a few  days  during  major  storm  events.  For  both  main- 
stem  and  upstream  reservoirs,  water  circulation  and  withdrawal  charac- 
teristics are  generally  different  from  natural  lakes.  Lakes  overflow 
from  the  surface  or  through  seepage,  while  withdrawal  from  reservoirs 
is  often  from  below  the  surface.  mother  difference  between  reservoirs 
and  natural  lakes  is  the  maturity  of  se' '.merrs  resulting  in  differences 
in  sediment-water  column  nutrient  exch 'ng  In  the  case  of  Arcadia, 

two  additional  factors  that  make  extrapolat  on  quite  indefensible  are  the 
great  differences  in  climatological  conditions  and  waters^-d  characteris- 
tics between  lakes  used  to  develop  the  available  methods  of  analysis  and 
th>.  Deep  Fork  River  basin. 

155.  Both  the  critical  concentration  concept  and  loading  rate 
analyses  imply  nutrient  limitation.  Unfortunately,  previous  measure- 
ments of  nutrients  near  Arcadia  failed  to  consider  the  hemical  form  of 
the  potential  nutrients.  All  chemical  forms  are  not  equally  available 
to  algae,  and  nutrients  cannot  be  stimulatory  if  they  a not  in  a form 
that  can  be  used.  Furthermore,  neither  procedure  considers  light  or 
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other  factors  that  may  dominantly  control  algal  productivity  in  Arcadia 
Lake . 

156.  In  summary,  the  application  of  Sawyer's  critical  concentration 
concept  and  Vollenweider ' s loading  rate  procedure  indicates  that  a po- 
tential of  eutrophication  exists.  Loading  rate  analysis  using  the 
Shannon  and  Brezonik  procedure  suggests  that  while  nitrogen  and  phos- 
phorus loadings  immediately  following  construction  would  be  marginal, 
loadings  prior  to  construction  and  by  Year  2000  may  be  sufficient  to 
stimulate  nuisance  algal  blooms.  However,  the  marginal  loadings  were 
based  on  the  assumption  that  all  domestic  sewage  would  be  diverted  from 
the  Arcadia  Lake  watershed. 

157.  Loading  rate  analyses  used  alone  are  inadequate  to  evaluate 
properly  the  eutrophication  potential  of  Arcadia  Lake  since  these  pro- 
cedures were  developed  to  characterize  natural  lakes  much  different 
hydraulically,  geographically,  and  in  watershed  characteristics  from  the 
Arcadia  impoundment. 

Mass-balance  calculations 

158.  The  TD  requested  that  WES  prepare  frequency  duration  curves 
based  on  daily  concentrations  calculated  using  daily  flow  data  and  re- 
gression equations  relating  flow  and  concentrations. 

159.  An  examination  of  plots  of  concentration  versus  discharge  for 
all  the  critical  water-quality  constituents  indicated  that  for  at  least 
some  of  the  parameters,  a relationship  between  discharge  and  concentra- 
tion could  be  described  using  statistical  models.  Using  the  models, 
daily  concentrations  were  generated  over  the  period  1 January  1938 
through  31  December  1970  for  measured  or  synthetic  flow  records  at 
Arcadia.  Flow  and  mass  routings  through  the  reservoir  were  made;  simu- 
lated reservoir  concentrations  were  recorded;  and  duration  curves  of 
daily  concentrations  were  plotted. 

160.  Procedures  and  assumptions.  The  following  mode  s were  fit  to 
concentration  data  modified  to  account  for  relocation  of  the  Northside 


STP . 


Model  I : 


C 


a + b 


1 

loge  (D  + 1) 
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Model  II: 


1 


C 

Model  III:  C 

Model  IV:  C 

Model  V:  C = a + -- 

where : 

C = concentration,  mg/i  or  ug/& 

D = discharge,  m^/sec 
a,b  = coefficients 

The  constant  1 was  included  to  preclude  calculating  logarithms 
or  reciprocals  of  zero. 

161.  For  each  constituent,  appropriate  logarithmic  transformations 
were  made  when  necessary  to  linearize  the  hypothesized  relationship. 
Pertinent  statistics  were  computed  using  the  ordinary  least-squares 
procedure.  The  best  model  for  a particular  constituent  was  selected  on 
the  basis  of  the  maximum  coefficient  of  determination . After  transforma- 
tion, residuals  were  assumed  normally  and  homoscedastically  distributed 
in  order  to  make  probability  statements  about  the  model.  A model  was 
assumed  satisfactory  if  the  hypothesis  of  zero  coefficients  was  found 
untenable  using  the  F-test  with  a critical  region  of  °ize  0.05.  Only 
those  constituents  whose  best  model  was  found  satisfactory  with  respect 
to  this  criterion  were  simulated  using  mass-balance  calculations. 

162.  Predicted  concentrations  were  generated  by  using  the  relation- 
ship implied  by  the  model.  Such  predictions  are  expected  mean  values  and 
do  not  reflect  the  uncertainty  demonstrated  by  the  scatter  of  points 
around  the  regression  curve. 

163.  Flow  and  mass  routings  through  Arcadia  Lake  were  conducted 
under  the  assumptions: 

a_.  The  lake  is  thoroughly  and  instantaneously  mixed. 

_b.  The  only  source  of  material  is  through  tributary  inflow. 

c_.  The  sources  of  water  to  the  lake  are  tributary  inflow  and 
direct  precipitation  on  the  surface. 
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d_.  The  losses  of  water  from  the  lake  are  downstream  releases, 
water  supply  withdrawals,  and  evaporation. 

164.  The  rule  curve  employed  for  lake  operation  was  to  maintain 
lake  elevations  at  the  top  of  the  conservation  pool  except  when  minimum 
re ' eases  and  withdrawals  exceeded  tributary  inflow  or  when  flood  storage 
releases  exceeded  downstream  channel  capacity. 

16  . For  each  constituent  considered,  simulations  were  conducted  to 
evaluate  the  significance  of  degradation  and  sedimentation.  The  first 
set  c simulations  was  conducted  under  the  assumption  of  conservative 
behavic ".  fhe  second  set  of  simulations  incorporated  decay  where  ap- 

propriate. The  third  set  of  simulations  provided  for  a 30-percent  loss 
to  the  f diments  over  the  average  theoretical  residence  time  of  1.8  yr; 
the  four'S  set  of  simulations  provided  for  a 60-percent  loss  to  the  sedi- 
ments. The  estimates  of  30-  and  60-percent  loss  to  sediments  were  arbi- 
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trary.  The  range  should  include  expected  losses  of  phosphorus  and 
provide  conservative  estimates  of  pesticide  losses.  The  validity  of 
these  assumptions  is  discussed  elsewhere  in  the  report  as  the  individual 
constituents  are  considered. 

166.  Results . A tabulation  of  parameters  for  which  models  could 

reasonably  estimate  concentrations  given  discharge  is  presented  in 

2 

Table  17.  The  coefficient  of  determination  R may  be  interpreted  as 
the  fraction  of  the  total  variance  of  concentration  observations  ac- 
co anted  for  by  the  model.  The  large  residual  variance  suggests  that  ex- 
pected mean  concentrations  may  be  misleading.  The  expected  range  of 
concentrations  at  a given  discharge  is  large  based  on  existing  data. 

167.  An  exaiui.  ition  of  daily  concentration-duration  curves  for  the 
nutrients  nitrate  (Figure  2),  phosphate  (Figures  3 and  4),  and  ammonia- 
organic-nitrogen  (Figure  5)  reveals  that  median  simulated  concentrations 
assuming  conservative  behavior  are  within  20  percent  of  average  expected 
stream  concentrations  (Table  10) . 

168.  Simulations  conducted  under  the  assumption  of  30-  and 
60-percent  losses  of  nutrients  to  the  sediments  demonstrate  a decrease 
in  impoundmer  : concentrations.  Nitrate  concentrations  decrease  35  and 
55  percent  with  30-  and  60-percent  loss,  respectively.  Phosphate  and 
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Figure  3-  Phosphorus  duration  curves  based  on  daily  concen- 
trations, from  composite  PO^-F  samples 
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Figure  5-  Ammonia-organic-nitrogen  duration  curves  based 
on  daily  concentrations 
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ammonia-organic-nitrogen  concentrations  demonstrate  similar  patterns 
with  nearly  equivalent  reductions. 

169.  Phosphorus  retention  in  lakes  has  been  estimated  to  vary 
between  20  and  50  percent,  increasing  with  the  hydraulic  residence 
time. ^ For  phosphorus,  mass-balance  calculations  provide  an  indica- 
tion of  the  trend  to  be  expected  following  impoundment.  Reservoir  con- 
centrations are  generally  less  than  tributary  concentrations.  However, 
for  nitrogen  significant  exchanges  may  occur  between  the  lake  and  at- 
mosphere through  denitrification  and  nitrogen  fixation.  These  processes 
were  not  included  in  the  mass-balance  calculations. 

Results  of  Algal  Bioassay  Studies  on  the 
Deep  Fork  River  and  Nearby  Waters 

Introduction 

170.  Based  on  preliminary  analyses  there  was  concern  that  exces- 
sive algal  populations  would  occur  in  Arcadia  Lake  because  predicted 
concentrations  of  nitrogen  and  phosphorus  exceed  levels  generally  ac- 
cepted as  sufficient  to  promote  nuisance  algal  blooms.  This  situation 
does  not  necessarily  mean  that  nuisance  algal  blooms  would  occur  in 
Arcadia  Lake  because  algal  utilization  of  the  nutrients  would  be  de- 
pendent on  availability  (chemical  form)  and  relative  abundance  of  the 
nutrients.  However,  the  presence  of  high  nutrient  concentrations  in- 
dicates a potential  problem  that  deserves  careful  consideration.  The 
purposes  of  this  phase  of  the  water-quality  evaluation  were  to  assess 
the  biological  availability  of  nitrogen  and  phosphorus  compounds  and 
to  assess  the  limiting  nutrient (s)  in  water  samples  collected  from  the 
Deep  Fork  River  and  surrounding  waters.  The  results  were  used  to  as- 
sess the  significance  of  nitrogen  and  phosphorus  entering  the  proposed 
impoundment  and  to  evaluate  the  use  of  nutrient  concentrations  to 
predict  algal  growth  problems. 

Sampling  and  procedures 

171.  The  first  set  of  samples  collected  during  this  study  con- 
sisted of  five  4-H  grab  samples  collected  from  Lake  Eufaula  (Highway  69 
bridge),  Deep  Fork  River  at  the  Arcadia  gaging  station  (Post  Road 
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bridge).  Deep  Fork  River  at  the  Eastern  Avenue  bridge,  Lake  Thunderbird 
at  the  Alemeda  Avenue  bridge  (old  Highway  77),  and  Little  River  at  the 
Franklin  Street  bridge.  These  samples  were  returned  to  the  laboratory 
at  the  University  of  Oklahoma,  Norman,  and  filtered  through  0.45-p  pore 
size  Millipore  filters  prior  to  use  in  the  nutrient  availability  study. 
The  experiment  was  set  up  as  indicated  in  Table  18.  Each  flask  contained 
800  ml  of  water  to  be  tested  and  was  inoculated  with  2 ml  of  a stock 
Selenastrum  caprioornu turn  suspension.  The  standards  were  prepared  in 
Algal  Assay  Procedure-Phosphorus  (AAP-P)  or  AAP-Nitrogen  (AAP-N)  media 
depending  on  the  stock  algal  culture  to  be  added.  The  phosphate  and 
nitrogen  concentrations  used  in  the  standard  cultures  were  selected 
because  an  evaluation  of  USGS  data  suggested  average  concentrations  in 
the  Deep  Fork  River  were  approximately  5 mg  ?/l  and  12  mg  N/L.  The  Lake 
Eufaula  and  Little  River  samples  were  prepared  in  duplicate  because  of 
difficulties  in  filtering  the  volume  of  water  necessary.  All  other 
cultures  were  prepared  in  triplicate. 

172.  Laboratory  cultured  Selenastr’um  caprioornutum  was  used  as  the 
test  organism  in  this  experiment.  One  stock  culture  was  grown  in 
phosphorus-deficient  AAP  medium  and  was  transferred  once  a week  for 

4 weeks  prior  to  actual  testing  of  samples  from  the  Arcadia  area.  This 
was  done  to  obtain  a viable  inoculum  that  was  sensitive  to  phosphorus. 

A second  stock  culture  was  grown  in  nitrogen-deficient  AAP  medium  to  ob- 
tain a viable  inoculum  sensitive  to  nitrogen.  These  organisms  are  re- 
ferred to  as  P-deficient  or  N-deficient  Selenastmm  in  Table  18. 

173.  A second  set  of  grab  samples  collected  in  this  study  con- 
sisted of  4-£  samples  obtained  at  the  Arcadia  and  Eastern  Avenue  sta- 
tions. These  samples  were  returned  to  the  laboratory  for  use  in  the 
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nutrient  spiking  study  using  procedures  described  by  Plumb  and  Plumb 
38 

and  Lee.  The  initial  rate  of  carbon  fixation  was  determined  on  the 
sample  using  carbon-14  methodology.  Subsamples  were  then  cultured  in 
the  laboratory  after  known  nutrient  additions.  Following  a 2-week  in- 
cubation period,  the  rate  of  carbon  fixation  was  redetermined  to  iden- 
tify the  additions  that  had  an  effect  on  the  natural  algal  population. 
This  experiment  considered  the  possible  effects  of  phosphate. 


nitrate-nitrogen,  ammonia-nitrogen,  carbonate,  trace  metals,  and  complete 
AAP  medium  and  is  summarized  in  Table  19. 


174.  The  procedure  used  to  follow  the  response  of  algae  during  the 
nutrient  availability  and  nutrient  spiking  experiments  was  carbon-14  in- 
corporations. On  selected  sample  days,  six  25-ml  subsamples  from  a cul- 
ture received  5 P C from  a basic  sodium  bicarbonate  solution  (5  p C/ml) . 
Four  replicates  were  incubated  under  a light  intensity  of  approximately 
4,300  lux  for  a 4-hr  period.  The  remaining  two  samples  were  incubated 
in  the  dark  during  the  same  4-hr  period.  Following  incubation,  the 
samples  were  filtered  through  presoaked  0.45-p  pore  size  Millipore  fil- 
ters using  a pressure  differential  of  15  to  20  cm  of  mercury.  The  fil- 
ters were  rinsed  with  five  washes  of  water  and  one  wash  of  1-percent  HC1, 

exposed  to  HC1  fumes  in  a desiccator  for  approximately  30  min,  and  then 
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dried  in  a desiccator.  ’ The  filters  were  then  dissolved  in  a 

dioxane-based  scintillation  cocktail  containing  naphthalene  PPO,  dimethyl 

37 

POPOP,  cellosolve,  and  water  and  counted  on  a Beckman  Scintillation 

Spectrophotometer.  The  algal  activity  in  the  sample  was  then  calculated 

as  the  average  light  bottle  uptake  minus  the  average  dark  bottle  uptake. 

37  38  39  40 

More  specific  details  of  the  procedures  can  be  found  elsewhere.  ’ * ’ 

Results 


175.  The  results  of  the  phosphorus  portion  of  the  availability 
study  are  presented  in  Table  20.  The  replicate  data  were  averaged  and 
the  net  carbon  fixation  (average  light  bottle  activity  minus  average 
dark  bottle  activity)  are  presented  as  the  log  of  the  amount  of  radio- 
active carbon,  expressed  in  counts  per  minute,  incorporated  by  the 
Selenastrum  cultures  during  the  4-hr  incubation  period.  The  data  from 
the  standards  indicate  that  the  test  population  was  viable  and  would 
respond  to  phosphorus  additions.  However,  a good  response  curve  was 
not  obtained  because  of  the  elevated  phosphate  concentrations  used 
(high  phosphate  concentrations  of  0-1.4  mg  PO^-P/f.  were  used  to  cover 

the  range  of  concentrations  that  was  expected  in  the  Deep  Fork  River 

27 

based  on  USGS  data).  Nevertheless,  the  results  obtained  with  the 
standard  cultures  ar^  useful  because  they  demonstrate  that  the  continual 
addition  of  a nutrient  does  not  mean  a priori  that  a proportionate  algal 
response  will  occur. 
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176.  The  rate  of  carbon-14  fixation  in  the  Eastern  Avenue  sample 
continually  decreased  between  day  3 and  day  14  (Table  20).  The  final 
response  was  equivalent  to  approximately  0.09  mg  PO^-P/X.  Since  the 
addition  of  phosphate  to  the  Eastern  Avenue  sample  did  not  produce  a 
proportionate  response,  this  would  suggest  that  phosphate  is  not  a 
critical  element  in  that  reach  of  the  river. 

177.  The  response  of  the  P-deficient  Selenastrum  inoculum  to  the 
Arcadia  water  sample  was  equivalent  to  an  available  phosphorus  concen- 
tration of  0.30  mg  PO^-P/X  or  3.3  times  the  Eastern  Avenue  response 
(Table  20).  This  is  undoubtedly  due  to  the  Northside  STP  contribution 
below  Eastern  Avenue.  The  fact  that  the  test  population  responded  to 
phosphorus  additions  to  Arcadia  site  water  would  indicate  that  the  water 
was  nontoxic  to  the  organism  and  that  phosphorus  is  a critical  nutrient . 

178.  Selenastrum  originally  cultured  in  P-deficient  AAP  medium 
produced  a lower  response  to  filtered  Lake  Eufaula  water  compared  to 
Arcadia  water.  This  would  suggest  that  part  of  the  available  phosphorus 
at  Arcadia  is  lost  in  the  Deep  Fork  River  and  Lake  Eufaula.  The  mecha- 
nisms for  this  loss  are  probably  sorption  and  precipitation  and  possibly 
algal  utilization.  An  important  point  with  respect  to  the  Arcadia  data 
evaluation  is  that  the  available  phosphorus  in  the  lake  (Eufaula)  is 
lower  than  the  tributary  (Deep  Fork) . This  trend  was  also  observed  in 
the  Little  River-Lake  Thunderbird  data  sets  and  can  prouablv  be  expected 
in  the  proposed  impoundment. 

179.  Nitrogen  standards  were  prepared  at  0 to  21  mg  N/X  to  cover 
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the  concentration  range  expected  based  on  an  evaluation  of  USGS  data. 
However,  essentially  the  same  response  was  obtained  from  the  5-,  10- , 
and  21-mg  N/X  cultures.  While  this  makes  it  impossible  to  prepare  a 
concentration-response  curve,  it  again  demonstrates  that  algae  will  not 
necessarily  be  stimulated  by  the  continual  addition  of  a nutrient. 

180.  The  response  of  nitrogen-sensitized  Selenastrum  to  filtered 
Deep  Fork  River  water  collected  at  Arcadia  was  equivalent  to  approxi- 
mately 5 mg  N/X  (Tables  21  and  22).  This  was  the  greatest  response 
observed  in  this  portion  of  the  study  and  is  undoubtedly  due  to  the 
proximity  of  the  STP  effluent.  Another  similarity  to  the  phosphorus 
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portion  ol  the  study  is  that  lower  concentrations  of  available  nitrogen 
were  present  in  the  takes  (Eufaula  and  Thunderbird)  than  in  the  tribu- 
taries to  the  lakes  (Deep  Fork  and  Little  River). 

181.  The  response  to  ammonia  additions  (Table  22)  showed  the  same 
trends  and  was  the  same  order  of  magnitude  as  nitrate  additions 
(Table  21).  Since  the  Selenastrwn  cultures  responded  similarly  to  ni- 
trate and  ammonia  additions  at  the  same  nitrogen  concentrations,  it  is 
not  possible  to  state  whether  Selenastrum  was  using  ammonia-N  or 
nitrate-N  from  the  water  samples. 

182.  A nutrient  spiking  study  was  conducted  to  determine  the 
limiting  algal  nutrient.  Results  obtained  with  Deep  Fork  River  water 
collected  at  Arcadia  and  Eastern  Avenue  are  presented  in  Table  23.  The 
greater  rate  of  carbon-14  fixation  in  the  initial  Arcadia  sample  would 
indicate  a higher  standing  algal  population,  which  agrees  with  the 
greater  availability  of  nitrogen  and  phosphorus  at  the  Arcadia  site 
compared  to  Eastern  Avenue.  It  is  interesting  to  note  that  e incuba- 
tion of  these  samples  without  additional  nutrients  produced  an  increased 
rate  of  carbon-14  fixation  (raw  water  vs.  initial  water.  Table  23).  This 
would  strongly  indicate  that  nutrient  concentrations  are  not  regulating 
the  algal  population  in  the  Deep  Fork  River  but  that  some  other  factor, 
quite  probably  light,  is  more  important. 

183.  All  nutrient  additions  increased  the  rate  of  carbon-14  in- 
corporation above  that  measured  for  the  initial  sample  collected  at  the 
Arcadia  gage  site  (Table  23).  However,  only  nitrate,  ammonia,  and 
complete  AAP  media  increased  the  rate  of  carbon-14  incorporation  above 
that  for  the  incubated  water  sample  without  additions  (raw  water).  This 
suggests  that  nitrogen  is  the  limiting  nutrient  in  the  Deep  Fork  River 
near  Arcadia  at  the  present  time  and  that  phosphorus,  carbon,  and  heavy 
metal  additions  would  not  be  stimulatory  to  the  natural  algae  population. 

184.  All  nutrient  additions  also  increased  the  rate  of  carbon-14 
incorporation  above  the  initial  Eastern  Avenue  sample,  but  only  phos- 
phorus and  AAP  media  significantly  increased  the  rate  of  carbon-14  in- 
corporation above  the  raw  water  samples  (Table  23).  Phosphorus  produced 
an  86-fold  increase  and  AAP  media  produced  a 7-fold  increase.  The  fact 
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that  the  natural  population  responded  to  AAP  media  demonstrates  that  the 
population  is  viable.  The  response  to  phosphate  but  not  nitrate,  am- 
monia, carbon,  or  metals  suggests  that  phosphorus  is  the  limiting  nu- 
trient in  the  upper  Deep  Fork  River. 

Discussion 

185.  The  Deep  Fork  River  contains  phosphorus  and  nitrogen  concen- 
trations in  excess  of  levels  generally  considered  necessary  to  support 
nuisance  algal  populations.  The  availability  study  using  Selenastmm 
was  run  to  determine  how  much  of  the  phosphorus  and  nitrogen  is  in  a 
chemical  form  that  is  readily  available  to  algae.  The  results  indicate 
that  available  phosphorus  at  Arcadia  is  approximately  0.30  mg  PO^-P/i. 
and  that  available  phosphorus  at  other  sampling  stations  ranged  from  0.09 
to  0.24  mg  PO^-P/S.  (Table  20).  Available  nitrogen  at  the  Arcadia 
sampling  station  was  equivalent  to  more  than  5.2  mg / £ as  N0^-N  or 

4.9  mg/d  as  NH.^-N.  These  values  compare  to  0.6  to  2.5  mg  NO^-N/i 
(Table  22)  and  0.5  to  2.1  mg  NH^-N/i  (Table  22)  that  were  determined  for 
other  sampling  locations  in  the  study.  It  must  be  cautioned  that  these 
results  are  based  on  a single  experiment,  but  they  do  suggest  that 
available  nutrient  concentrations  are  lower  than  the  average  phosphorus 
and  nitrogen  concentrations,  5.5  mg/i  and  12.4  mg/£,  respectively,  based 
on  5 yr  of  USGS  data  at  Arcadia. 

186.  Another  fact  pertinent  to  evaluating  the  importance  of  nu- 
trient concentrations  in  the  Deep  Fork  River  is  obtainable  from  the 
standard  culture  data  in  the  availability  experiment.  Phosphorus  con- 
centrations of  0.92  mg  PO^-P/i.  and  1.85  mg  PO^-P/J.  resulted  in  the  same 
response  as  0.46  mg  PO^-P/i.  Also,  10.5  mg  N/i  and  21  mg  N/i,  as  either 
nitrate  or  ammonia,  resulted  in  essentially  the  same  algal  response  as 
5.2  mg  N/'i.  This  demonstrates  that  increased  concentrations  of  nutrients 
will  not  always  produce  a corresponding  increase  in  the  algae  population. 
This  is  caused  by  the  fact  that  algae  require  a number  of  nutrients  and 
only  the  nutrient  or  other  environmental  requirements  present  in  lowest 
supply  relative  to  need  will  stimulate  an  algal  response.  Thus,  the 
algal  response  to  nutrients  in  the  Deep  Fork  River  will  not  be  determined 
by  the  presence  or  total  concentration  of  the  nutrients  in  the  river  but 
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by  the  nutritional  status  of  the  algae  and  physical  factors  such  as 
temperature  and  light. 

187.  In  order  to  assess  the  nutritional  status  of  algae  in  the 
Deep  Fork  River,  a nutrient  spiking  study  was  conducted  with  samples 
collected  at  the  Eastern  Avenue  bridge  and  the  Arcadia  gaging  station. 
Initial  carbon  fixation  rates  for  these  two  samples  would  suggest  a 
higher  algal  population  at  Arcadia  than  Eastern  Avenue,  which  is  in 
agreement  with  the  fact  that  a higher  concentration  of  available  phos- 
phorus and  nitrogen  occur  at  Arcadia.  However,  the  ratios  for  availa- 
ble phosphorus  and  nitrogen  at  the  Arcadia  and  Eastern  Avenue  sampling 
stations  were  3.3  and  9.7,  respectively,  compared  to  the  algal  activity 
ratio  that  was  determined  to  be  2.2.  Since  the  algal  activity  ratio 
was  less  than  the  calculated  available  nutrient  ratio,  this  would  sug- 
gest that  the  nutrients  are  not  being  completely  utilized  and  that  some 
other  factor  is  more  important  as  a regulator  of  the  algae  population. 
Because  of  the  fact  that  the  rate  of  carbon-14  fixation  increased  when 
samples  without  nutrient  addition  were  incubated  in  the  laboratory, 
this  would  indicate  that  light  is  probably  the  other  factor.  Certainly 
the  results  demonstrate  that  available  nutrients  are  present  in  the 
Deep  Fork  River  that  are  not  being  used. 

188.  Nutrient  spiking  results  with  the  Arcadia  water  sample  show 
that  the  algae  population  only  responded  to  nitrate  and  ammonia  addi- 
tions. This  would  be  interpreted  to  mean  that  if  light,  temperature, 
and  other  physical  factors  were  satisfactory,  then  nitrogen  would  be  th 
limiting  nutrient  and  that  the  other  potential  nutrients  tested  (phos- 
phate, carbon,  and  trace  metals)  would  not  control  the  algal  population 
in  the  Deep  Fork  River  at  Arcadia.  Nutrient  spiking  results  with  the 
eastern  Avenue  sample  show  that  phosphorus  is  more  important  than  ni- 
trogen in  this  reach  of  the  river.  If  an  impoundment  is  constructed  at 
Arcadia  and  if  the  Northside  SIP  effluent  is  diverted,  it  would  be  ex- 
pected that  influent  water  to  the  impoundment  would  be  more  similar  to 
existing  conditions  in  the  river  at  Eastern  Avenue  that  at  Arcadia. 
Based  on  the  nutrient  spiking  results,  the  diversion  would  have  the 
effect  of  changing  the  element  present  in  least  supply  relative  to 


need  from  nitrogen  to  phosphorus.  The  results  also  suggest  that  a 
physical  factor,  probably  light,  would  be  more  important  than  nutrient 
concentrations  in  controlling  the  algal  population  in  the  proposed  im- 
poundment . 

189.  Results  from  the  availability  study  suggest  that  available 
nutrient  concentrations  in  the  proposed  Arcadia  impoundment  would  be 
lower  than  the  concentration  in  the  influent  water.  This  is  based  on 
the  fact  that  available  phosphorus  and  available  nitrogen  as  determined 
by  a Selenasti'um  bioassay  were  lower  in  Lake  Eufaula  than  the  Deep 
Fork  tributary  and  lower  in  Lake  Thunderbird  than  in  the  Little  River 
tributary.  This  behavior  would  also  be  anticipated  based  on  chemical 
data  showing  a general  reduction  in  concentration  in  impoundments  rela- 
tive to  influent  concentrations.  Discussion  of  the  chemical  data  is 
presented  elsewhere  in  the  report . 

190.  An  inconsistency  occurred  in  the  results  of  this  study.  The 
availability  study  suggested  that  nitrogen  is  limiting  at  Eastern  Avenue 
and  phosphorus  is  limiting  at  Arcadia  while  the  nutrient  spiking  results 
suggested  the  opposite.  However,  it  must  be  remembered  that  a filtered 
water  sample  was  used  in  the  availability  study  and  an  unfiltered  sample 
was  used  in  the  nutrient  spiking  study.  Also,  the  availability  study 
used  a single  algal  species  while  the  spiking  study  utilized  whatever 
organisms  were  present  in  the  river  at  the  time  of  sampling.  Although 
Selenastrum  can  be  used  to  assess  nutrient  availability,  the  use  of  a 
natural  population  provides  a better  estimate  of  algal  nutritional 
status  in  the  sample  of  interest.  The  inconsistency  in  the  results  is 
therefore  probably  due  to  the  use  of  different  samples,  different  sample 
treatments,  and  different  test  organisms. 

Conclusions 

191.  Results  obtained  through  the  algal  bioassay  experiments  demon- 
strate that  availalle  phosphorus  and  available  nitrogen  exist  in  the 
Deep  Fork  River.  At  the  time  of  sampling,  this  amounted  to  0.09  to 

0.30  mg  PO^-P/S.  and  0.5  to  >5  mg  N /l.  The  results  indicated  that  all 
of  the  available  nutrients  were  not  being  used  by  the  algae.  Since  the 
population  was  viable,  as  demonstrated  by  the  fact  that  they  responded 
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positively  to  the  addition  of  AAP  medium  and  productivity  increased 
during  laboratory  incubation,  light  is  probably  controlling  the  algal 
population  in  the  Deep  Fork  River. 

192.  Nutrient  spiking  results  showed  that  nitrogen  concentrations 
are  lowest  relative  to  need  at  Arcadia,  but  phosphorus  concentrations  are 
lowest  relative  to  need  at  Eastern  Avenue.  This  would  indicate  that  a 
change  in  limiting  nutrients  would  be  expected  following  STP  diversion 
prior  to  impoundment  of  the  Deep  Fork  River.  It  would  also  be  antici- 
pated that  the  process  of  impoundment  would  cause  a reduction  in  availa- 
ble nutrient  concentrations.  It  is  not  possible  to  use  the  past  record 
of  nutrient  concentrations  in  the  Deep  Fork  River  at  Arcadia  to  predict 
accurately  the  algal  population  in  the  proposed  impoundment  because 
light  or  some  other  physical  factor  is  more  important  in  controlling  the 
algal  population  in  the  Deep  Fork  River,  available  nutrients  are  not 
completely  used  at  the  present  time,  available  nutrient  concentrations 
will  probably  decrease  due  to  impoundment,  and  the  relative  abundance 

of  nutrients  can  be  expected  to  change  on  impoundment. 

193.  Nitrogen  and  phosphc  us  concentrations  in  the  proposed  im- 
poundment will  exceed  levels  presently  thought  to  promote  excessive 
algal  populations,  but  algal  use  of  this  material  will  probably  be 
dependent  on  light  availability  rather  than  the  presence  of  nutrients. 

Eutrophication  Potential  and 
Mathematical  Models 


Mathematical  ecosystem  models 

194.  The  water  quality  of  a reservoir  or  lake  is  affected  by  many 
dynamic  processes  occurring  both  in  the  impoundment  and  in  the  watershed. 
Mathematical  ecosystem  models  represent  a relatively  new  approach  for 
relating  and  coupling  many  of  these  processes  to  analyze  and  predict 
environmental  changes  resulting  from  alternative  management  practices. 

It  is  important  to  identify  differences  between  ecological  models  and 
thermal  models.  Most  thermal  models  are  developed  from  a theoretical 
construct  based  on  a set  of  physical  axioms  or  laws  such  as  Beer's  law 


for  the  extinction  of  light,  Fick' s law  for  diffusion,  and  the  Stefan- 
Boltzman  radiation  law.  Ecological  models  usually  have  a thermal  mode] 
as  a basis  but  the  biological  and  chemical  relationships  are  not  de- 
veloped from  a set  of  similar  ecological  axioms  or  laws.  Model  formula- 
tions are  based  on  empirical  relations  observed  among  components  in  the 
field  or  laboratory  and,  in  many  instances,  are  based  on  poorly  understood 
processes  such  as  the  regeneration  or  loss  of  nutrients  to  the  sediments. 

195.  Present  ecological  models  should  not  be  interpreted  as  pre- 
dicting absolute  values.  However,  based  on  order  of  magnitude  arguments, 
these  models  permit  experienced  investigators  to  evaluate  general  trends 
resulting  from  various  management  alternatives  such  as  changing  flow 
regimes  and/or  nutrient  loadings.  Ecological  models  are  useful  tools 
when  interpretations  are  made  with  a thorough  understanding  of  model 
limitations  and  assumptions.  This  requires  a multidisciplinary  team 
approach.  Present  ecological  models  provide  a means  for  interpreting 
voluminous  amounts  of  water-quality  data.  The  greatest  advantages  of 
mathematical  ecosystem  models  are  their  coupling  and  simultaneous  con- 
sideration of  a large  number  of  complex  interactive  processes  and  the 
ability  to  simulate  water  quality  over  relatively  long  time  periods. 

This  permits  the  evaluation  of  temporal  effects  of  changing  land-use 
patterns  or  similar  occurrences  on  water  quality. 

Model  description 

196.  The  model  selected  for  use  in  evaluating  the  eutrophication 

potential  in  Arcadia  Lake  was  the  Water  Quality  for  River-Reservoir 

Systems  (WQRRS)  model.  The  model  was  originally  developed  by  Water 

Resources  Engineers  (WRE)  under  a Title  II  contract  from  the  Office  of 

41 

Water  Resources  Research  and  subsequently  modified  for  the  U.  S.  Army 

42 

Engineer  Hydrologic  Engineering  Center  (HEC) . During  the  past  few 
years,  numerous  modifications  and  improvements  have  been  made  to  the 
model  by  the  Environmental  Effects  Laboratory  at  WES.  Considering  the 
hydrodynamics,  biology,  chemistry,  and  data  requirements,  the  WQRRS 
model  is  presently  one  of  the  most  comprehensive  and  realistic  lake- 
riverine  ecological  models  available  for  practical  applications. 

197.  In  addition  to  the  five  conditions  previously  stated  for  the 
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WESTEX  model,  the  model  assumptions  are  as  follows: 

a.  A reservoir  or  impoundment  can  be  represented  by  a series  of 
one-dimensional  horizontal  slices.  This  implies  that  only 
the  vertical  dimension  is  retained  during  computation.  This 
assumption  is  generally  satisfactory  for  impoundments  with 
long  residence  times. 42 

b^.  Each  horizontal  layer  is  assumed  to  be  completely  homogeneous 
and  instantaneously  mixed  for  all  components. 

c_.  The  dynamics  of  each  chemical  and  biological  component  can 
be  expressed  by  the  Law  of  Conservation  of  Mass  and  the 
Kinetic  Principle. 41 

198.  The  computer  approximates  the  numerical  solution  of  the  mass- 
balance  differential  equations  in  finite  difference  form  using  an  im- 
plicit solution  technique.  The  model  is  programmed  in  FORTRAN  and  has 
been  run  on  IBM,  CDC,  UNIVAC,  and  Honeywell  systems. 

Data  input 

199.  The  data  requirements  for  the  model  are  rather  extensive,  so 
the  sources  and/or  calculations  of  required  inputs  and  initial  conditions 
are  discussed  briefly. 

200.  Daily  meteorological  values  of  cloud  cover,  dry  bulb  and  dew 
point  temperatures,  barometric  pressure,  and  wind  speed  were  obtained 
from  the  National  Climatic  Center  in  Asheville,  North  Carolina,  for  the 
Class  A weather  station  16  km  southwest  of  the  damsite.  This  informa- 
tion was  used  to  update  daily  meteorological  conditions  in  the  model. 

201.  Stream  flows,  temperature,  and  chemical  constituents  were 
obtained  from  the  1969-1974  USGS  records  for  their  gaging  station  at 
Arcadia.  Stream  constituents  entering  the  proposed  impoundment  were  up- 
dated on  a monthly  basis  in  the  model.  The  purpose  of  the  simulations 
was  to  investigate  nutrient  loading  and  light  penetration  effects  on 
water  quality  rather  than  daily  operational  characteristics  of  the  im- 
poundment. The  stream  update  information  was  weighted  to  reflect  con- 
ditions before  and  after  diversion  of  the  Northside  STP. 

202.  Detritus  and  total  coliform  concentrations  were  computed  from 

29 

an  urban  runoff  report  for  Tulsa,  Oklahoma.  7 These  values  were  also 
weighted  as  a function  of  stream  flow  and  updated  on  a monthly  basis. 

The  Northside  STP  was  assumed  to  contribute  total  coliform  concentrations 
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in  proportion  to  its  contribution  to  the  total  stream  flow.  The  total 
loading  of  conforms  to  the  lake  following  diversion  of  the  STP  was, 
therefore,  reduced  proportionally  to  the  total  stream  flow  reduction. 

203.  Stream  algae  concentrations  were  calculated  from  chlorophy 11-a 

concentrations  measured  below  an  outfall  of  domestic  and  industrial 

43  44 

wastes  in  Skeleton  Creek,  Oklahoma.  A conversion  factor  was  used  to 
compute  algae  dry  weight  values;  the  data  were  weighted  as  a function  of 
flow;  and  the  concentrations  were  updated  on  a monthly  interval. 

204.  Zooplankton  values  were  taken  from  a study  of  the  lower 
Illinois  River45  and  weighted  to  reflect  Deep  Fork  River  flows.  Stream 
zooplankton  values  are  generally  quite  low  and  have  little  effect  on 
reservoir  concentrations. 

205.  All  simulations  were  begun  using  January  dates  because  most 
impoundments  in  Oklahoma  are  isothermal  and  well  mixed  during  the  winter 
period.  This  simplified  the  data  requirements  for  the  initial  conditions 
since  only  one  value  near  the  bottom  and  one  near  the  surface  were 
necessary  to  specify  most  of  the  chemical  and  biological  constituents. 
Initial  concentrations  were  originally  taken  from  literature  on  Oklahoma 
impoundments,^  and  a simulation  was  performed  using  updates  for  an 
average  year.  This  permitted  the  transient  responses  in  the  model  out- 
put to  decay.  If  the  initial  conditions  deviated  sufficiently  from  the 
values  predicted  at  the  end  of  a year,  the  initial  conditions  were  modi- 
fied to  reflect  these  yearly  values. 

206.  Rate  coefficients  used  in  the  simulations  were  obtained  from 

^2-67 

the  literature,  based  on  personal  experiences,  and  personal  com- 

munication with  Mr.  Donald  Smith  of  Tetra  Tech,  Inc.,  Lafayette, 
California,  one  of  the  original  developers  of  WQRRS . 

207.  The  model  was  run  with  daily  meteorological  updates  and 
monthly  recorded  USGS  stream  flow,  physical,  and  chemical  data  for  1970 
and  1973.  These  two  years  represented  below  and  above  average  flow 
years,  respectively,  for  the  period  from  1969  to  1974. 

208.  The  algal  bioassays  indicated  light  would  probably  be  the 
factor  limiting  or  controlling  algae  production  with  secondary  control 
exerted  by  nitrogen  or  phosphate  if  sufficient  light  were  available. 
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To  predict  the  potential  effects  of  these  limiting  factors  on  water 
quality,  update  values  50  percent  higher  and  lower  than  the  mean  annual 
light  penetration  and  mean  monthly  values  for  ammonium  and  phosphate 
concentrations  were  used  in  the  simulations. 

209.  Light  penetration  in  the  model  is  a function  of  a model 
variable  titled  "Secchi  disc."  The  Secchi  disc  value  specified  in  the 
model  is  equivalent  to  the  depth  of  penetration  of  10  percent  of  the 
light  impinging  on  the  surface.  The  larger  the  value  for  the  Secchi 
disc  variable,  the  deeper  light  penetrates  in  the  impoundment.  Three 
values  of  light  penetration  were  used  in  the  simulations:  1,  2,  and  3 m, 

where  2 m represents  the  base  case;  1 m represents  the  least  light 
penetration;  and  3 m represents  the  greatest  penetration.  Data  on 
Oklahoma  impoundments  indicate  these  Secchi  disc  values  are  reasonable. 
During  1970,  Lake  Carl  Blackwell  had  an  average  Secchi  disc  value  of 
approximately  0.7  m , ^ while  in  1972  the  average  value  was  near  2 m.^ 

An  average  annual  Secchi  disc  value  of  2 m was  also  recorded  for  Lake 
Thunderbird,  an  impoundment  on  the  outskirts  of  Oklahoma  City.^  Since 
values  greater  than  2 m have  been  recorded  during  periods  of  the  year 
in  Oklahoma  impoundments , ^ ^ 3 m was  selected  to  investigate  the  ef- 
fects of  increased  light  penetration  on  water  quality.  Update  values 
50  percent  higher  and  lower  than  the  mean  monthly  coliform  concentra- 
tions were  simulated  to  evaluate  potential  health  problems.  In  all 
cases  where  actual  data  from  the  Arcadia  basin  did  not  exist,  conserva- 
tive estimates  were  calculated  to  simulate  the  "worst-case"  conditions. 
Since  data  existed  for  1970, the  model  was  calibrated  for  thermal 
similitude  on  Lake  Carl  Blackwell,  which  is  a 1200-ha  reservoir  ap- 
proximately 50  km  north  of  Oklahoma  City.  The  reservoir  is  relatively 
shallow,  and  wind- mixing  is  a dominant  force  controlling  stratification 
of  the  impoundment.  A wind-mixing  algorithm  was  incorporated  in  the 
model  and  lake  profiles  simulated  by  the  model  were  similar  to  those  in 
Lake  Carl  Blackwell  for  1970  (Plate  12) . 

Model  simulations 

210.  Model  constraints.  Three  constraints  concerning  reservoir 
operations  were  placed  on  the  model  simulations.  First,  minimum 
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monthly  downstream  water  releases  were  to  be  maintained  to  meet  various 
downstream  water  rights.  Releases  never  exceeded  stream  channel  capac- 
ity. Secondly,  the  release  temperatures  had  to  be  similar  to  annual 
preimpoundment  stream  temperatures.  Finally,  the  water  level  in  the 
reservoir  was  to  be  maintained  at  a nearly  constant  level  at  the  top 
of  the  conservation  pool.  These  three  constraints  were  sufficiently 
satisfied  (Plates  13,  14,  and  15). 

211.  Sample  output.  A portion  of  the  simulation  for  the  1970  data 
set  following  STP  diversion  provides  an  example  of  the  type  of  numerical 
output  generated  (Appendix  B) . The  first  set  of  numbers  provides  informa- 
tion on  the  frequency  of  output,  the  frequency  of  input,  and  other  in- 
formation relating  to  the  actual  mechanics  of  the  simulation.  The  next 
several  blocks  of  numbers  define  some  of  the  physical  coefficients  used 
during  the  simulation,  such  as  the  evaporation  coefficient  and  heat  ex- 
change coefficients.  The  following  several  pages  list  the  required 
biological  and  chemical  coefficients  and  the  initial  conditions  of  the 
ecosystem.  Since  the  reservoir  was  isothermal,  one  surface  and  bottom 
initial  condition  was  specified  and  an  interpolation  algorithm  calcu- 
lated initial  conditions  for  every  metre  in  depth  from  the  surface  of 

the  impoundment  to  the  bottom. 

212.  The  remainder  of  the  output  represents  predicted  values  for 
10-day  intervals  from  1 January  to  26  December.  Since  this  output  is 
presented  in  graphical  form  elsewhere  in  the  text  and  is  listed  here 
only  for  illustrative  purposes,  only  the  printouts  for  30-day  intervals 
are  included.  The  simulation  day  is  indicated  at  the  top  of  each  page 
followed  by  two  columns.  The  first  column  represents  the  meteorological 
conditions  used  for  this  particular  day,  while  the  second  column  provides 
general  information  about  the  elevation  of  surface  waters,  the  total 
inflow  to  the  reservoir,  and  the  residence  time.  The  next  two  lines  of 
data  represent  inflow  and  outflow  water-quality  constituents  such  as 
temperature,  pH,  various  nutrient  concentrations,  and  TDS.  The  outflow 
distribution  is  further  delineated  in  the  next  two  lines.  The  first 
represents  the  outlet  through  which  release  occurs;  while  the  second 
line  indicates  the  quantity  of  flow  in  cubic  metres  per  second  (cms). 
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Three  types  of  fish  can  be  simulated  in  the  model — cold-water  fish, 
warm-water  fish  such  as  the  gizzard  shad,  and  benthos  feeders  such  as 


suckers.  Cold-water  fish  will  not  exist  in  Arcadia  Lake  and  were  there- 
fore not  considered.  In  this  study  fish  were  used  primarily  to  control 
zooplankton  and  benthos  populations.  Since  the  model  could  not  simulate 
the  dvnamics  of  carnivorous  fish  such  as  the  black  bass  or  crappie, 
predictions  of  the  lake  fishery  were  based  on  an  analysis  provided  by 
Mr.  Robert  M.  Jenkins*  (Appendix  C) . 

213.  The  majority  of  each  output  page  has  19  columns  that  repre- 
sent, in  vertical  profile,  the  following  predicted  water-quality  con- 
stituents abbreviated  as  shown: 

<1.  Temperature  - TEMP 
1).  Dissolved  Oxygen  - DO 
c_.  Daily  Oxygen  Demand  - DOD 
(1.  Total  Alkalinity  - ALKA 
(5 . pH 

_f . Carbon  Dioxide  - C02C 
£.  Ammonia  Nitrogen  - NH3N 
h.  Nitrate  Nitrogen  - N03N 
i1.  Nitrite  Nitrogen  - N02N 
j_.  Phosphate  Phosphorus  - P04P 
k.  Total  Coliforms  - COLIFM 
1_.  Nannophytoplankton  - ALGA  1 

m.  Net  Phytoplankton  - ALGA  2 

n.  Zooplankton  - ZOO 

ck  Organic  Detritus  - DETRI 
£.  Total  Dissolved  Solids  - TDS 
Organic  Sediment  - SEDM 
r_.  Benthic  Organisms  - BENTH 

214.  The  extensive  output  generated  during  the  simulations  has 
been  summarized  in  the  following  text  and  plates. 

215.  Temperature.  Many  of  the  processes  occurring  within  the 

* Director,  Reservoir  Fisheries  Research  Program,  U.  S.  Fish  and  Wild- 
life Service,  Fayetteville,  Arkansas. 


impoundment  are  either  directly  or  indirectly  influenced  by  the  thermal 
properties  of  the  stream  and  impoundment.  Since  the  density  of  water  is 
a function  of  its  energy  state  as  indicated  by  temperature,  temperature 
profiles  can  provide  information  on  the  movement  of  constituents  through 
the  impoundment . 

216.  From  early  April  until  early  September,  Deep  Fork  River  in- 
flows would,  in  general,  be  3 to  4°C  cooler  than  the  reservoir  surface 
waters  (Plate  16).  During  this  period,  the  Deep  Fork  River  inflows, 
after  some  inflow  mixing,  would  sink  or  plunge  below  the  surface  to  a 
level  of  similar  density  in  the  lake.  The  chemical  and  biological  con- 
stituents in  the  inflowing  stream  waters  would  be  correspondingly  dis- 
tributed below  the  surface  during  this  period.  From  the  middle  of 
September  until  the  beginning  of  April,  the  reservoir  surface  waters 
would  be  4 to  5°C  cooler  than  the  inflowing  waters.  During  this  period, 
the  stream  water  and  its  chemical  and  biological  constituents  would  re- 
main at  or  near  the  surface  of  the  reservoir. 

217.  Hydrometeorological  conditions  influence  the  temperature  dif- 
ferences that  may  exist  between  inflowing  and  reservoir  surface  waters. 
The  temperature  differences  were  less  during  a wet,  high-flow  year 
(e.g.  1973)  than  during  a dry,  low-flow  year  (e.g.  1970)  (Plate  16). 

This  flow  influence  was  also  exhibited  by  observing  temperature  isopleths 
of  the  reservoir  for  the  base  case  when  the  annual  mean  light  penetra- 
tion equaled  2 m (Plate  17).  During  the  dry  year,  for  both  pre-  and 
post-STP  diversion  conditions,  the  reservoir  heated  and  cooled  more 
rapidly  than  during  the  corresponding  periods  in  the  wet  year.  The 
reservoir  reached  similar  maximum  temperatures  during  both  years,  but 
the  maximum  temperatures  were  sustained  for  longer  periods  during  the 
wet  years.  This  same  pattern  also  occurred  when  the  annual  mean  light 
penetration  averaged  1 or  3 m (Plates  18  and  19,  respectively). 

218.  Diversion  of  the  STP  flow  had  a moderate  effect  during  the 
low-flow  year  (Plates  17  and  19) . When  the  light  penetration  equaled 
2 m,  the  reservoir  heated  slightly  more  rapidly  and  cooled  slightly 
more  quickly  following  diversion  of  the  flow.  The  reservoir  also  heated 
slightly  more  rapidly  following  diversion  in  the  high-flow  year,  but 
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the  temperature  profiles  were  similar  for  the  rest  of  the  year.  With 
an  average  light  penetration  of  1 m,  the  reservoir  heated  more  rapidly 
but  cooled  slightly  slower  following  diversion  in  the  dry  year.  Tempera- 
ture profiles  were  similar  before  and  after  diversion  in  the  wet  year. 

An  increase  in  light  penetration  to  3 m resulted  in  similar  temperature 
profiles  preceding  and  following  diversion  in  1970  and  1973.  Increased 
light  penetration  in  the  reservoir  probably  resulted  in  a sufficient  in- 
crease in  the  internal  heat  budget  to  damp  the  influence  of  stream  flow 
reductions  following  diversion.  This  same  response  is  observed  if  com- 
parisons are  made  of  the  three  light  penetration  values  within  a given 
period  such  as  1970  prediversion  or  during  the  1973  postdiversion  period. 
The  deeper  light  penetration  resulted  in  more  rapid  heating  during  the 
spring  and  slower  cooling  during  the  fall.  The  impoundment  begins  to 
stratify  during  April  and  remains  weakly  stratified  until  middle  August. 
The  thermal  gradient  during  the  summer  is  only  2 to  4°C  from  surface  to 
bottom  but  is  stable.  The  lake  begins  to  mix  in  mid  to  late  August  and 
remains  well  mixed  until  the  following  April. 

219.  Dissolved  oxygen.  In  all  cases,  DO  near  the  bottom  of  the  im- 
poundment was  reduced  to  zero  during  some  portion  of  the  year  (Plates  20 
through  22).  The  periods  of  oxygen  depletion,  in  general,  occurred 
earlier  in  the  dry  year  than  in  the  wet  year. 

220.  For  the  base  case  (i.e.,  2-m  annual  mean  light  penetration), 
diversion  of  the  effluent  from  the  STP  resulted  in  higher  DO  values 
during  the  dry  year  than  during  the  wet  year  (Plate  20) . While  the 
hypolimnion  was  still  anoxic  for  certain  periods,  the  total  duration 

of  periods  when  the  DO  concentration  was  less  than  4 mg/i  was  reduced. 
Diversion  did  not  result  in  similar  improvements  during  the  wet  year 
(Plate  20) . The  anoxic  period  during  late  spring  was  reduced  by  half 
following  diversion,  but  a subsequent  anoxic  period  occurred  during  the 
summer.  The  total  duration  of  periods  with  less  than  4 mg/l  of  DO  was 
reduced  slightly  following  diversion. 

221.  The  DO  concentrations  were  generally  greater  before  diversion 
when  the  mean  annual  light  penetration  average  was  1 m (Plate  21) . 

While  the  DO  concentrations  appear  to  be  lower  before  diversion  in  the 
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wet  year,  the  periods  of  anoxia  and  periods  with  less  than  4 mg /£  are 
greater  following,  rather  than  preceding,  diversion.  Since  the  stream 
inflows  are  nearly  saturated  with  DO,  the  higher  inflow-outflow  rela- 
tions before  diversion  result  in  higher  DO  concentrations  within  the 
impoundment . 

222.  With  a mean  annual  light  penetration  of  3 m (Plate  22),  STP 
diversion  generally  resulted  in  increased  DO  concentrations.  While  the 
anoxic  periods  were  similar  before  and  after  diversion  in  the  dry  year, 
the  periods  of  less  than  4 mg/i  DO  were  reduced  following  diversion 
(Plate  22).  Diversion  resulted  in  a significant  improvement  in  the  DO 
concentrations  during  the  wet  year  (Plate  22) . The  anoxic  periods  were 
significantly  reduced  with  similar  periods  of  less  than  4 mg/Sl  DO. 

223.  Nutrients  - PO^-P,  NO^-N,  and  NH^-N.  Phosphate  concentra- 
tions, in  general,  decreased  in  the  wet  year  (Plates  23-25).  The  flow 
through  the  reservoir  was  greater  during  the  wet  year  (1973)  than  during 
the  dry  year  (1970) , resulting  in  lower  concentrations  although  the 
total  loadings  were  greater  (see  Part  VI,  Table  10).  Epilimnetic 
phosphate  resembles  a conservative  substance  in  its  response  since 
phosphate  concentrations  are  in  excess  of  algae  needs  (Plates  23-25) . 
Postdiversion  phosphate  concentrations  increased  slightly  during  both 
the  dry  and  wet  years  since  the  flow  through  the  reservoir  is  decreased 
slightly.  Variations  in  average  light  penetration  had  a negligible  ef- 
fect on  epilimnetic  phosphate  concentrations. 

224.  Fluctuations  in  the  hypolimnetic  phosphate  concentrations 
correspond  with  anoxic  periods  (Plates  23-25) . When  DO  concentrations 
reached  minimal  levels,  phosphate  uptake  by  algae  no  longer  occurred  and 
phosphate  concentrations  began  to  increase  since  release  still  continued. 
Increased  oxygen  concentrations  resulted  in  renewed  uptake  of  phosphate, 
and  hypolimnetic  phosphate  concentrations  were  again  similar  to  epilim- 
netic concentrations.  Variations  in  light  penetration  had  a minimal 
effect  on  reservoir  phosphate  concentrations  since  phosphorus  is  not 
limiting  to  algal  populations. 

225.  Nitrate  concentrations  are  a function  of  flow  rates  and 
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ammonia  concentrations.  Increased  flow  rates  during  the  wet  year,  in 
general,  resulted  in  decreased  nitrate  concentrations  compared  to  the 
dry  year  concentrations  (Plates  23-25).  Increases  or  decreases  in 
nitrate  concentrations  were  also  generally  correlated  with  inverse  de- 
creases or  increases  in  ammonia  concentrations.  This  response  can  be 
seen  by  comparing  wet  year  with  dry  year  data:  nitrate  concentrations 

were  generally  lower  in  the  wet  year  than  in  the  dry  year. 

226.  The  general  inverse  relation  between  surface  concentrations 
of  nitrate  and  ammonia  and  between  bottom  nitrate  and  ammonia  concentra- 
tions is  also  apparent  in  Plates  23-25.  Diversion  of  the  STP  effluent 
resulted  in  less  fluctuation  in  both  nitrate  and  ammonia  concentrations 
during  the  dry  year.  Nitrate  concentrations  were  slightly  higher  fol- 
lowing diversion  due  to  reduced  inflow.  The  changes  in  bottom  concen- 
trations of  nitrate  and  ammonia  correspond  to  anoxic  conditions  in  the 
hypolimnion.  Ammonia  concentrations  increased  as  DO  concentrations  be- 
came minimal  since  oxygen  is  required  to  convert  ammonia  through  nitrite 
to  nitrate.  Nitrate  concentrations  decreased  as  the  conversion  of 
ammonia  diminished.  The  return  of  aerobic  conditions  resulted  in  the 
reestablishment  of  the  steady-state  isotropic  concentrations  of  nitrate 
and  ammonia  throughout  the  reservoir.  Diversion  also  resulted  in  re- 
duced fluctuations  and  concentrations  of  nitrate  and  ammonia  in  the  wet 
year.  Similar  trends  in  nitrate  and  ammonia  concentrations  occurred 
with  light  penetration  values  of  1 and  3 m. 

227.  Variations  in  the  annual  light  penetration  means  had  minimal 
effects  except  for  the  wet  year  postdiversion  period  (Plates  23-25) . 

The  difference  in  the  response  of  ammonia  and  nitrate  at  a light  pene- 
tration of  1 m versus  that  at  2 and  3 m was  again  a function  of  the 
hypolimnion  DO  concentration.  The  bottom  was  anoxic  at  the  end  of  May 
resulting  in  an  increase  of  ammonia  and  a decrease  in  nitrate.  The 
concentrations  were  similar  for  the  rest  of  the  wet-year  period. 

228.  Increases  and  decreases  of  50  percent  in  the  update  ammonia 
concentrations  resulted  in  increases  and  decreases  in  the  ammonia  and 
nitrate  concentrations.  The  majority  of  the  increase  or  decrease  oc- 
curred in  the  nitrate  concentrations  (Table  24).  There  was  an  inverse 
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relation  between  ammonia  and  DO  concentrations.  A 50-percent  increase 
or  decrease  in  the  ammonia  concentration  resulted  in  a corresponding  de- 
crease or  increase  of  approximately  0.5  mg/S,  DO,  respectively. 

229.  Algae.  Algae  growth  and  decay  functions  as  an  integrator 

for  many  of  the  physicochemical  responses,  such  as  nutrient  interactions, 

temperature  effects,  and  changes  in  DO  concentrations,  that  contribute 

to  water  quality.  The  model  has  two  compartments  to  represent  the 

various  algae  species.  These  two  compartments,  designated  ALGA  1 and 

ALGA  2,  represent  nannophytoplankton  and  net  phytoplankton,  respectively. 

Nannoplankton  are  considered  to  be  less  than  63  y in  size  and  will  pass 

68 

through  a No.  20  plankton  net. 

230.  The  predominant  algae  type  predicted  by  the  model  under  all 
conditions  was  the  nannoplankton,  ALGA  1 (Plates  26-28).  For  most 
conditions,  there  were  two  periods  when  large  blooms  were  predicted: 
midspring,  late  April  or  early  Kay,  and  late  summer,  late  August  or 
early  September.  This  general  trend  did  not  apply  to  the  wet-year 
postdiversion  conditions.  The  model  predicted  a bloom  of  nannoplankton 
to  occur  in  early  spring,  late  spring,  and  late  summer-autumn  under  the 
wet-year  postdiversion  conditions. 

231.  In  the  base  case  the  dry  year  pre-  and  postdiversion  re  pen;  • 
differed  in  the  intensity  and  composition  of  tht  lat-  ,u  • ■ 

(Plate  26).  The  prediversion  bloom  had  a lower  intons  1 1 v ti. 
diversion  bloom  but  was  composed  of  nearly  equal  ccncentrat 
and  nannoplankton.  The  postdiversion  bloom  consisted  almost  • t ■ 
of  nannoplankton.  The  wet  year  pre-  and  postdiversion  conditi.  s 
fer  in  time  phasing,  intensity,  and  duration  of  the  nannoplankton  b!  r 
(Plate  26).  The  first  prediversion  bloom  occurred  during  midsprin, , 
while  the  postdiversion  bloom  occurred  in  early  spring  followed  by  an- 
other bloom  in  late  spring.  Both  pre-  and  postdiversion  data  sets  ex- 
hibited a bimodal  curve  representing  a late  summer  bloom,  but  the  post- 
diversion bloom  was  more  intense  and  lasted  until  late  fall. 

232.  For  an  annual  mean  light  penetration  of  1 m,  the  dry  year 
pre-  and  postdiversion  algal  curves  were  similar  (Plate  27) . The  shape 
of  the  nannoplankton  curve  for  the  postdiversion  case  was  less  proroun 
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and  occurred  slightly  later  than  the  prediversion  case  but  still  oc- 
curred in  late  summer.  In  the  wet  year  decreased  light  penetration  re- 
sulted in  both  pre-  and  postdiversion  nannoplankton  peaks  occurring  later 
during  the  year  (Plate  27).  The  prediversion  bloom  occurred  during  late 
spring  and  fall  while  in  the  postdiversion  case,  the  fall  bloom  lasted 
until  early  winter. 

233.  When  the  annual  light  penetration  was  3 m,  the  intensity  and 
duration  of  the  nannoplankton  curves  were  quite  similar  for  the  dry  year 
pre-  and  postdiversion  cases  (Plate  28).  However,  in  the  postdiversion 
case,  net  plankton  also  contributed  substantially  to  the  summer  bloom. 

The  bimodal  shape  of  the  late  summer  curve  was  again  evident  in  the 

wet  year  pre-  and  postdiversion  data  (Plate  28) ; the  intensity  and  dura- 
tion of  postdiversion  late  summer  peak  were  again  greater  than  the  pre- 
diversion peak. 

234.  Algal  concentrations,  in  general,  were  higher  with  greater 
light  penetration  values.  While  minimal  differences  among  algae  con- 
centrations occurred  for  light  penetration  values  of  2 and  3 m,  the 
differences  among  algae  concentrations  were  pronounced  between  1 and 
2 or  1 and  3 m. 

235.  Increases  and  decreases  by  50  percent  in  the  update  ammonia 
concentrations  generally  resulted  in  negligible  changes  in  the  nanno- 
plankton concentrations  (Plate  29).  The  only  significant  difference 
occurred  during  the  1970  prediversion  summer  bloom.  The  bloom  was  in- 
tensified and  preceded  the  increased  nitrogen  bloom  period  approximately 
30  days.  The  bloom  attributed  to  decreased  nitrogen  was  over  about  the 
time  the  increased  nitrogen  bloom  would  have  reached  its  peak. 

236.  Phosphate.  Increases  and  decreases  in  the  update  phosphate 
concentrations  had  no  effect  on  any  component  except  the  reservoir 
phosphate  concentration. 

237.  Total  coliforms.  Total  coliform  concentrations  correlated 

almost  perfectly  with  flow  rates:  total  coliform  concentrations  in- 

creased with  increased  flow  rates  and  decreased  with  decreased  flow 
rates  (Plates  26-28).  Total  coliforms  were,  in  general,  higher  during 
the  wet  year  than  the  dry  year  and  higher  preceding  rather  than  following 
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diversion.  The  peak  in  coliform  concentrations  occurred  during 
September  for  two  reasons.  First,  the  highest  flows  of  record  for  both 
the  dry  and  wet  years  occurred  during  September  and,  secondly,  the 
reservoir  surface  water  temperature  was  similar  to  the  stream  tempera- 
ture during  September  (Plate  16) . The  isothermal  conditions  resulted 
in  the  stream  inflow  remaining  on  or  near  the  surface  of  the  reservoir. 
Total  coliform  concentrations,  on  several  occasions,  were  higher  than 
those  recorded  for  the  top  1-m  water  layer  but  increased  concentrations 
were  located  at  greater  depths  within  the  reservoir.  Increases  and  de- 
creases of  50  percent  in  the  total  coliform  update  concentrations  re- 
sulted in  50-percent  increases  or  decreases,  respectively,  in  the  reser- 
voir concentrations  (Plate  30) . 

238.  Total  dissolved  solids.  Total  dissolved  solids  are 
treated  as  a conservative  substance  within  the  model.  This  implies  the 
concentrations  are  affected  only  by  dilution  and  not  by  decay  processes. 
In  general,  the  TDS  concentration  in  the  reservoir  remains  constant  re- 
gardless of  variations  in  diversions  or  light  penetration  means.  The 
TDS  update  concentrations  were  not  changed  following  diversion,  so  dilu- 
tion effects  are  negligible  (Plates  26-28) . 

239.  Outflow  temperatures  and  DO.  Outflow  temperatures  generally 
were  similar  for  the  same  year  but  varied  from  the  dry  year  to  the  wet 
year  (Plates  31-33).  The  outflow  temperatures  in  the  wet  year,  in 
general,  were  cooler  than  the  dry  year  during  the  first  half  of  the  year 
and  warmer  during  the  second  half  of  the  year.  The  outflow  temperatures 
were  within  the  range  of  existing  natural  stream  temperatures  (Plates  3, 
31-33). 

240.  Zero  DO  concentrations  were  predicted  at  least  once  during 
every  simulation.  A selective  withdrawal  option  was  used  in  the  simula- 
tions that  considered  only  the  temperature  of  the  outflow.  After  passing 
through  the  outlet  structure  and  stilling  basin,  the  outflow  would  be 

at  least  80-  to  90-percent  saturated  with  DO.  The  dashed  lines  indicate 
expected  DO  concentrations  during  actual  reservoir  operation 
(Plates  31-33). 
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241.  Physicochemical  factors.  Simulated  reservoir  temperature 
isopleths  were  similar  to  those  recorded  for  Oklahoma  impoundments 
(Plate  12) . The  importance  of  including  wind-mixing  in  the  model  is 
indicated  by  the  relatively  high  wind  velocities  for  1970  and  1973 
(Plate  34).  Since  the  WESTEX  model  was  calibrated  on  a southern  Oklahoma 
impoundment  surrounded  by  high-relief  topography  and  WQRRS  was  calibrated 
on  a northern  Oklahoma  impoundment  surrounded  by  low-relief  topography, 
Lake  of  the  Arbuckles  would  not  be  expected  to  exhibit  as  extensive  upper 
layer  mixing  due  to  wind  as  Lake  Carl  Blackwell.  The  actual  temperature 
profile  at  Arcadia  may  lie  somewhere  between  the  two  predictions 

(Table  26). 

242.  DO  concentrations  for  selected  dates  on  Lake  Carl  Blackwell‘S 
(Plate  12)  correspond  reasonably  well  with  simulated  values  for  similar 
dates.  The  model  predicted  less  DO  near  the  bottom  than  that  measured 
in  the  field  on  day  200  but  DO  concentrations  for  other  days  were  simi- 
lar. This  similitude  may  be  fortuitous,  however,  since  the  flows,  nu- 
trient concentrations,  etc.,  are  not  expected  to  be  similar  in  both 
systems . 

243.  Nutrient  concentrations  of  phosphate,  nitrate,  and  ammonia 
predicted  by  the  model  are  probably  too  high  since  no  loss  to  the  sedi- 
ment is  considered.  In  the  model,  nutrients  are  released  from  the  sedi- 
ment in  proportion  to  their  concentration  in  the  biological  organisms 
and  detritus  that  settle  out  to  form  the  sediment.  It  is  difficult  to 


determine  what  proportion  of  the  nutrient  concentrations  should  be  lost 
to  the  sediments,  but  it  has  been  documented  that  such  losses  do 


occur . 


69,70 


244.  Biological  components.  Algae  concentrations  are  probably  too 
high  in  the  simulations.  To  be  conservative,  algae  were  assumed  to  be 
controlled  by  only  one  limiting  factor  with  no  interaction  among  poten- 
tial limiting  factors.  The  possible  limiting  factors  were  light,  carbon 

dioxide,  nitrogen,  or  phosphate.  A Michaelis-Menten  formulation  was  es- 

71-74 

tablished  for  all  possible  limiting  factors,  and  the  factor  in  the 

lowest  proportion  relative  to  need  was  assumed  to  limit  growth  during 
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that  particular  integration  interval.  During  the  next  iteration,  another 

factor  might  control  or  limit  algae  growth.  The  actual  growth-limiting 

relationship  probably  lies  somewhere  between  the  product  formulation  and 

73 

the  single  limiting  concept.  However,  since  algae  are  a potential 
water-quality  problem,  the  single  limiting  factor  was  used  to  ensure 
simulating  the  maximum  potential  for  algae  growth. 

245.  While  no  loss  of  nutrients  to  the  sediment  occurs  in  the 
model,  a 50-percent  reduction  in  ammonia  and  phosphate  showed  negligible 
or  no  effects  on  algae  responses. 

246.  Total  coliform  concentrations  were  assumed  to  be  10  percent 
of  total  coliform  concentrations  0.5  miles  below  the  STP  outfall.  The 
travel  time  from  the  outfall  to  the  Arcadia  Lake  site  is  approximately 
2 days.  For  small  streams,  a travel  time  of  2 days  results  in  approxi- 
mately a 98-  to  99-percent  reduction  in  total  coliforms. ^ A 90-percent 
reduction  was  assumed  to  ensure  sufficient  latitude  in  assessing  poten- 
tial health  problems.  Assuming  this  reduction  implies  the  loadings  to 
the  stream  near  the  outfall  were  on  the  order  of  16,000  to  1,150,000  per 
100  ml.  Furthermore,  the  decay  rate  based  on  this  reduction  was  1.4/day, 

which  was  within  the  range  of  0.5  to  2.46  indicated  in  the  litera- 

„ 42,75 

ture. 

247.  Standing  crop  estimates  for  the  lake  fishery  were  calculated 
by  Mr.  Robert  M.  Jenkins.  Fishery  predictions  from  the  WQRRS  model  simu- 
lations are  not  considered  valid  for  evaluating  the  potential  fishing 

of  Arcadia  Lake  since  the  fish  compartments  were  used  primarily  to 
control  zooplankton  and  benthos  populations  and  carnivorous  fish  such 
as  the  largemouth  bass  and  crappie  were  not  simulated.  The  improvement 
of  the  model  to  provide  valid  fishery  simulations  is  an  objective  of 
part  of  the  ongoing  modeling  research  being  conducted  at  WES. 

248.  Jenkins'  equations  indicated  a total  standing  crop  of  fish 
between  200  and  290  kg/ha.  Of  this  total  standing  crop,  approximately 
64  kg/ha  were  predicted  to  be  sport  fish;  74  kg/ha  were  clupeids;  and 
the  remainder  were  rough  fish.  The  annual  angler  harvest  was  predicted 
to  be  roughly  60  percent  of  the  top  predators,  25  percent  of  the  pan- 
fishes, and  20  percent  of  the  catfishes  and  carp.  The  regression  equa- 
tions used  to  make  these  predictions  are  listed  in  Appendix  C. 
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249.  Interpretations  from  the  simulations.  Interpretations  from 
the  simulations  are  as  follows: 

a_.  The  reservoir  will  be  weakly  stratified  from  mid  to  late 
spring  until  late  summer  or  early  fall  with  a thermal 
gradient  of  2 to  4°C.  During  the  first  two-thirds  of  the 
year,  stream  constituents  such  as  heavy  metals,  pesticides, 
nutrients,  and  coliforms  will  probably  enter  the  reservoir 
below  the  surface.  During  the  latter  one-third  of  the  year, 
these  constituents  will  enter  at  or  near  the  surface  of  the 
reservoir.  Wind,  inflow  mixing,  and  withdrawal  will 
probably  be  the  dominant  forces  distributing  these  con- 
stituents within  the  reservoir.  Outflow  temperatures 
should  be  within  the  range  of  natural  stream  temperatures. 

b^.  The  simulations  indicate  the  hypolimnion  will  become  anoxic, 
possibly  as  high  as  10  m from  the  bottom  during  various 
periods  of  the  year.  Outflows  should  be  at  least  80  percent 
saturated  with  DO  even  during  anoxic  periods. 

£.  Nutrient  concentrations  will  probably  remain  quite  high  in 
the  reservoir. 

d_.  Algal  blooms  will  probably  be  an  occasional  problem.  A 

general  rule  of  thumb  indicates  1,5  mg/5,  of  algae  represents 
visible  levels.  During  several  periods  of  the  year,  pre- 
dicted values  exceed  this  level  by  a factor  of  3.  Light 
appears  to  be  the  critical  factor  controlling  algal  growth. 
During  periods  of  low  wind  velocity  or  increased  light 
penetration,  algal  blooms  may  be  expected  since  nutrient 
concentrations  do  not  appear  to  be  potential  limiting 
factors. 

£.  Diversion  of  the  STP  effluent  does  not  appear  to  reduce 
nutrient  concentrations  sufficiently  to  preclude  the 
occurrence  of  nuisance  algal  blooms  in  the  proposed  im- 
poundment. 

f_.  Total  coliform  concentrations  do  not  appear  to  indicate 
potential  health  problems. 


250.  General  trends  from  model  studies  provide  insight  into  pos- 
sible system  response  to  various  alternative  environmental  changes,  but 
a comparison  of  absolute  values  or  a statistical  analysis  of  the  output 
is  not  recommended.  These  results  should  be  interpreted  by  comparing 
them  with  results  obtained  from  other  study  approaches,  recognizing  the 
limitations  and  assumptions  of  both. 

Discussion 

251.  The  evaluation  of  nitrogen  and  phosphorus  in  the  Deep  Fork 
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River  based  on  concentrations  and  loading  analyses  suggests  that  the 
proposed  impoundment  would  be  eutrophic.  Mathematical  model  simulations 
suggest  that  occasional  algal  blooms  would  be  expected  after  impoundment. 
However,  algal  response  was  relatively  insensitive  to  variations  in  ni- 
trogen and  phosphorus  loadings  but  responded  noticeably  to  changes  in 
light  availability.  A reasonable  interpretation  of  these  results  is 
that  nutrients  would  be  available  in  excess  of  algal  needs  and  that  algal 
growth  would  be  light  limited.  Bioassay  results  corroborate  the  hy- 
pothesis of  light  limitation  by  demonstrating  that  all  the  available 
nutrients  in  the  Deep  Fork  River  were  not  being  used. 

252.  The  existing  state-of-the-art  is  i sufficiently  developed  to 
permit  a precise  prediction  of  the  timing  and  magnitude  of  algal  blooms. 
Predictions  based  upon  the  mathematical  model  simulations  may  be  mis- 
leading because  of  the  model  assumption  of  uniformly  and  instantaneously 
mixed  horizontal  layers.  Limited  horizontal  mixing  in  the  proposed  im- 
poundment would  result  in  incomplete  dispersion  of  developing  algal 
blooms  allowing  localized  algal  growth  to  attain  concentrations  ex- 
ceeding the  average  concentration  over  the  horizontal  layer.  Localized 
algal  blooms  may  attain  densities  much  greater  than  predicted  by  model 
simulations. 

253.  Algae  contribute  to  taste  and  odors  and  other  problems  such 

as  high  particulate  concentrations  and  variable  water  chemistry  requiring 
treatment  plant  control  measures.  Excessive  algae  densities  may  be 
visually  displeasing,  and  decomposition  of  massive  algal  accumulations 
may  liberate  obnoxious  odors. 

254.  During  extended  periods  of  cloudy  weather  in  which  high  algal 
densities  occur,  daily  oxygen  requirements  for  algal  respiration  may 
exceed  production  and  surface  reaeration.  Surface  DO  concentrations 
could  be  depressed  during  early  morning  hours  to  levels  sufficient  to 
cause  the  death  of  low  DO-sensitive  fish.  Transient  depressions  of  DO 
were  not  simulated  in  the  mathematical  model  because  the  time  resolu- 
tion selected  was  1 day. 

255.  Management  measures  to  control  problems  associated  with  ex- 
cessive algae  may  possibly  be  applied  to  the  impoundment  or,  in  the  case 
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of  water  supply,  at  the  treatment  plant.  Selective  withdrawal  of  water 
supply  water  does  offer  potential  for  minimizing  water-quality  problems. 

A cursory  examination  of  a recent  publication  surveying  lake  rehabilita- 
tion techniques  for  reducing  algae  populations  suggests  that  reliable 
reservoir  management  strategies  that  are  effective,  economically  reasona- 
ble, and  compatible  with  all  project  purposes  do  not  exist. ^ it  proba- 
bly would  not  be  feasible,  either  through  watershed  management  practices 
or  reservoir  operational  strategies,  to  reduce  in-lake  nutrient  concen- 
trations sufficiently  to  limit  algal  growth.  Furthermore,  routine 
chemical  treatment  of  large  water  bodies  to  control  algal  blooms  does 
not  appear  feasible.  It  is  recommended  that  sampling  of  the  tributaries 
to  the  proposed  impoundment  be  continued  and  a sampling  program  be 
established  in  the  impoundment  if  it  were  to  be  constructed.  The  sam- 
pling program  would  provide  more  precise  estimates  of  nutrient  loadings 
and  concentrations  that  would  enable  evaluation  of  procedures  to  mitigate 
algal  problems  specific  to  the  proposed  Arcadia  Lake. 
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PART  VII:  METALS 


256.  This  section  summarizes  the  trace  metal  data  from  the  Deep 
Fork  River  with  regard  to  potential  water-quality  problems  in  the  pro- 
posed impoundment.  The  study  approach  involved  a comparison  of  reported 
concentrations  with  recently  recommended  EPA  water-quality  criteria. ^ 
Recent  EPA  criteria  were  selected  because  Oklahoma  standards'*  did  not 
provide  numerical  limits  for  the  metals  of  interest. 

257.  The  first  data  considered  were  the  data  on  dissolved  metal 

concentrations  in  the  Deep  Fork  River  compiled  by  the  USGS  between  1969 
27 

and  1974.  With  the  exception  of  arsenic  and  mercury,  the  evaluation 
of  trace  metal  data  was  based  on  dissolved  or  soluble  concentration  data 
because  metals  in  this  form,  as  opposed  to  particulate  form,  would  more 
closely  approximate  the  chemical  species  used  in  bioassay  experiments 
that  were  the  basis  for  recommended  criteria.  High  total  concentrations 
of  water-quality  constituents  may  be  indications  of  contamination,  but 
a comparison  of  total  concentrations  to  criteria  based  on  soluble  chemi- 
cal species  is  not  a good  indication  of  the  potential  effects.  As  dis- 
cussed by  Lee  et  al. , toxicity  can  vary  markedly  with  the  form  of  a 
chemical,  and  the  application  factor  used  to  relate  lethal  to  chronic 

sublethal  effects  has  questionable  applicability  to  soluble  and  particu- 

15 

late  forms  of  the  same  species.  Total  arsenic  was  evaluated  because 
of  the  absence  of  data  for  dissolved  concentrations.  Criteria  for 
mercury  concentrations  were  based  on  total  mercury  because  of  possible 
interconversion  of  mercury  forms. 

258.  The  minimum  and  maximum  concentrations  of  25  metals  measured 
by  the  USGS  in  the  Deep  Fork  River  during  the  period  1969-74  are  sum- 
marized in  Table  26.  Since  many  analytical  results  were  less  than  some 
reported  detection  limits,  two  average  concentrations  were  calculated 
for  the  table.  The  first  average  was  based  on  the  assumption  that  all 
so-called  "less-than"  values  were  actually  zero,  and  the  second  average 
was  calculated  on  the  assumption  that  all  less-than  values  were  equal  to 
the  detection  limit.  The  actual  average  concentration  should  be  within 


259.  The  average  and  maximum  dissolved  metal  concentrations  were 
compared  to  the  EPA  numerical  criteria  (Table  26) . This  comparison 
revealed  that  2 metals  exceeded  the  criteria;  10  metals  were  less  than 
the  criteria;  and  no  criteria  were  specified  for  the  remaining  13 
metals.  The  two  metals  that  exceeded  the  proposed  limits  were  manganese 
and  mercury.  Average  iron  concentrations  were  near  maximum  permissible 
levels . 

260.  The  10  dissolved  metal  concentrations  that  were  less  than 
proposed  EPA  criteria  were  iron,  cadmium,  chromium,  copper,  lead,  zinc, 
barium,  beryllium,  arsenic,  and  silver.  The  13  metal  concentrations 
about  which  nothing  can  be  said  because  of  a lack  of  information  to 
develop  standards  are  nickle,  cobalt,  molybdenum,  vanadium,  aluminum, 
lithium, bismuth,  tin,  gallium,  germanium,  titanium,  strontium,  and 
zirconium. 

261.  An  examination  of  other  data  from  the  Deep  Fork  River  near 
Arcadia  yielded  the  same  general  conclusions  (Table  27).  Silver, 
cadmium,  chromium,  copper,  and  zinc  were  less  than  the  EPA  criteria,  and 
iron,  lead,  and  manganese  exceeded  the  criteria.  Nothing  definite  can 
be  said  about  the  mercury  results  because  while  the  mercury  content  was 
less  than  the  detection  limit,  the  detection  limit  was  greater  than  the 
criteria.  Average  total  lead  concentration  equaled  the  limit  for  public 
water  supply  in  the  Deep  Fork  River  near  the  proposed  damsite.  However, 
based  on  the  present  understanding  of  the  water  chemistry  of  lead,  the 
high  lead  concentrations  shown  in  Table  27  are  probably  due  to  particu- 
late species  that  should  not  be  compared  to  toxicity  standards  developed 
from  tests  using  soluble  species. 

262.  Iron,  manganese,  and  mercury  (metals  that  were  found  to  ap- 
proach or  exceed  numerical  limits)  were  further  studied  to  assess  their 
potential  for  water-quality  degradation  in  the  proposed  impoundment. 

Lead  data  were  analyzed  in  more  detail  because  previous  studies  reported 
excessive  levels. 

Iron  and  Manganese 

263.  Average  manganese  concentration  for  26  samples  collected  by 
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the  USGS  near  Arcadia  was  400  yg /£;  the  range  was  30  to  1100  yg/f, 

(Table  26).  Both  the  average  and  maximum  concentrations  exceeded  the 
most  stringent  EPA  criterion  (50  yg /£  for  public  water  supply) . 

264.  The  average  concentration  of  manganese  measured  in  the  final 
effluent  of  the  Northside  STP  was  75  yg /£,  considerably  less  than  the 
average  of  400  yg /£  measured  near  Arcadia  between  1969  and  1974.  Since 
the  final  effluent  supplied  considerably  more  flow  than  mass  of  manganese, 
calculations  suggest  that  relocation  of  the  STP  will  result  in  a 60- 
percent  increase  in  manganese  concentrations  near  the  damsite  with  an 
insignificant  decrease  in  loadings  (Table  10). 

265.  Examination  of  data  collected  by  agencies  other  than  the  USGS 
(Table  27)  reveals  that  iron  concentrations  exceeded  the  most  stringent 
EPA  criterion,  300  yg/?.,  proposed  for  public  water  supply.  The  average 
of  the  iron  concentrations  measured  near  Arcadia  by  the  USGS  (Table  26) 
was  285  yg/?,  less  than  the  most  stringent  criterion  of  300  yg/?.  The 
average  was  based  on  26  samples  collected  between  1969  and  1974  and  was 
substantially  inflated  by  a single  value  of  3800  yg/?.  Fifteen  percent 
of  the  26  sample  values  exceeded  the  criterion. 

266.  Iron  and  manganese  are  different  from  mercury  and  other  metals 
in  Table  26  in  that  the  standards  for  iron  and  manganese  are  based  on 
aesthetic  considerations  and  other  metal  standards  are  based  on  toxicity. 
Iron  and  manganese  in  excess  of  300  and  50  yg/?,  respectively,  can  cause 
"red  water"  and  "black  water"  that  will  result  in  unsightly  stainings. 
Dissolved  iron  and  manganese  would  not  be  expected  to  be  a toxicological 
or  health  problem  following  impoundment.  Excessive  iron  and  manganese 
would  not  be  a problem  in  finished  water  supplies  if  the  potential  prob- 
lem is  recognised  in  the  design  of  the  water  treatment  plant.  Further- 
more, selective  withdrawal  capability  of  the  proposed  project  would  en- 
able project  operation  to  minimize  iron  and  manganese  concentrations  in 
water  supply  withdrawals  and  downstream  releases. 

267.  Mass-balance  calculations  were  employed  to  prepare  daily  con- 
centration duration  curves  for  manganese  (Figure  6).  The  median  simu- 
lated concentration  assuming  conservative  behavior  was  500  yg/?,  23  per- 
cent less  than  the  average  tributary  concentrations.  The  calculations 
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Figure  6.  Manganese  duration  curves  based  on  daily  concentrations 
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were  based  on  the  assumption  of  uniform  distribution  throughout  the 
reservoir,  which  is  not  expected  in  Arcadia  Lake.  Seasonal  increases 
in  the  iron  and  manganese  concentrations  in  the  hypolimnetic  waters 
would  coincide  with  the  period  of  thermal  stratification  and  anoxia. 
Depending  on  the  method  of  reservoir  operation,  these  increases  could  be 
withdrawn  or  discharged  downstream.  Iron  would  be  quickly  converted  to 
the  particulate  form  because  reduced  iron,  which  is  responsible  for  the 
concentration  increase,  is  thermodynamically  and  kinetically  incompati- 
ble with  dissolved  oxygen  in  neutral  or  alkaline  pH  waters.  Manganese 
would  also  be  converted  to  a particulate  form  but  at  a slower  rate.  The 
conversion  of  soluble  iron  and  manganese  to  particulate  species  would 
have  a scavenging  effect  on  other  dissolved  metals  in  the  impoundment  or 
river . 

268.  Manganese  and  possibly  iron  concentrations  are  expected  to 
exceed  drinking  water  standards,  particularly  in  the  hypolimnion  and 
headwaters  of  the  proposed  impoundment.  Iron  and  manganese  would  be 
less  likely  to  exceed  standards  in  the  epilimnion  near  the  dam.  Iron 
and  manganese  would  not  interfere  with  municipal  use  of  the  water  if  se- 
lective withdrawal  were  practiced  and  the  potential  for  possible  problems 
was  realized  in  water  treatment  plant  design. 


269.  Mercury  has  the  lowest  limiting  concentration  of  the  metals 
specified  in  the  criteria  and  standards  because  of  the  toxicity  of 
organic  mercury  compounds,  specifically  methyl  mercury.  The  limiting 
concentration  is  based  on  total  mercury  because  of  possible  inter- 
conversion of  mercury  forms.  Average  mercury  concentration  based  on 
eight  samples  collected  by  the  USGS  near  Arcadia  was  1.1  yg/£;  the 
range  was  0 to  2.6  yg/£.  The  maximum  recorded  mercury  concentration  and 
the  average  mercury  concentration  exceeded  EPA's  value  for  freshwater 
aquatic  life.  However,  average  Deep  Fork  River  concentrations  are  less 
than  EPA's  recommended  level  for  public  water  supply. 
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270.  Because  mercury  was  found  in  concentrations  exceeding  some 
criteria  and  since  only  eight  measurements  were  made  for  the  element  of 
which  seven  were  made  in  the  same  month,  additional  sampling  was  con- 
ducted on  the  Deep  Fork  River  near  Arcadia.  OSU  was  contracted  by  WES 
to  conduct  additional  sampling  and  mercury  analyses  on  the  Deep  Fork 
River  near  the  Arcadia  damsite.  Samples  were  collected  on  5,  7,  and 
14  June  1975.  On  7 June  the  river  was  turbid  due  to  moderately  high 
flow  transporting  suspended  particulates.  The  remaining  samples  were 
collected  during  low  flows.  On  each  date,  three  water  samples  were  col- 
lected and  separately  analyzed  for  dissolved  and  total  mercury.  No 
mercury  was  detected  in  the  samples  (detection  limit  =0.3  yg/2.) . 

271.  A water-quality  survey  conducted  by  the  Oklahoma  State  Health 
Department  21-22  April  1971  for  the  upper  Deep  Fork  River  Basin  from 
above  Belle  Isle  Lake  to  below  Arcadia  revealed  undetectable  mercury  con- 
centrations (number  of  samples  = 8;  detection  limit  = 5.0  yg/£) . 

272.  Weekly  duplicate  sampling  of  the  final  effluent  of  the 
Northside  STP  on  12,  19,  and  26  March  and  2 April  1975  by  OSU  revealed 
an  average  total  mercury  concentration  of  0.7  yg /£;  individual  samples 
values  varied  from  <0.1  to  2.8  yg /Z.  Only  samples  collected  on  19  March 
1975  had  detectable  concentrations  of  mercury  (detection  limit  = 

0.1  yg/fc). 

273.  Storm  water  runoff  sampling  for  mercury  in  the  upper  Deep 
Fork  River  above  Belle  Isle  Lake  was  conducted  by  ACOG  during  October 
1976.  As  shown  in  the  following  tabulation,  the  average  mercury  concen- 
tration was  1.68  yg/£;  individual  sample  values  varied  from  0.66  to 
3.8  yg/£. 

I 


Date  Sampled 
5 October  1976 
29  October  1976 


Total  Mercury  Concentration, 


yg/ft 

Sample 

Sample 

Sample 

1 

2 

3 

0.69 

0.66 

1.0 

2.7 

3.8 

1.2 
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274.  The  Oklahoma  State  Health  Department  conducted  weekly 
sampling  for  mercury  in  both  the  Deep  Fork  River  and  the  final  effluent 
of  the  Northside  STP  during  the  period  29  March  through  1 June  1976. 

No  mercury  was  detected  in  the  Deep  Fork  River,  while  only  samples  col- 
lected 19  April  1976  in  the  Northside  STP  had  detectable  concentrations 
(4.0  and  4.5  yg /£).  The  total  number  of  samples  collected  at  each 
sampling  site  was  20  and  the  detection  limit  was  2 yg/£  (Table  28). 

275.  A total  of  79  analyses  of  total  mercury  were  performed 
between  1971  and  1976.  These  data  indicate  that  mercury  has  a low 
probability  of  degrading  water  supply  (one  purpose  of  the  proposed 
project)  because  the  mean  mercury  concentration  computed  over  all 
samples  collected  near  Arcadia  is  0.2  yg /£,  which  is  less  than  the  public 
water  supply  criterion  of  2 yg/£.  It  is  further  anticipated  that  mercury 
concentrations  in  the  proposed  impoundment  would  decrease  relative  to 
input  in  much  the  same  way  that  trace  metal  concentrations  in  surrounding 
impoundments  are  less  than  their  respective  input  concentrations. 
Evaluation  of  effect  on  aquatic  life 

276.  The  data  on  total  mercury  concentrations  do  not  provide  a 
basis  for  a conclusive  evaluation  of  the  possible  adverse  effects  on 
freshwater  aquatic  life.  Some  of  the  reported  mercury  concentrations 
exceed  the  proposed  criterion  for  protection  of  aquatic  life.  The 
seriousness  of  this  potential  problem  could  not  be  evaluated  in  a quanti- 

L . 

tative  manner  with  the  available  data  base  because  the  majority  of  the 
samples  had  mercury  concentrations  less  than  the  analytical  detection 
limit,  but  the  analytical  detection  limit  is  greater  than  the  proposed 
criterion.  Two  additional  factors  make  definitive  predictions  of  pos- 
sible environmental  effects  of  mercury  in  the  proposed  impoundment  dif- 
ficult based  upon  EPA  guidelines.  First,  analytical  procedures  for 
mercury  analysis  as  outlined  in  EPA's  Manual  of  Methods  for  Chemical 
Analysis  of  Water  and  Wastes  recommend  that  mercury  concentrations  below 
0.2  yg/£  determined  by  their  standard  cold  vapor  technique  be  reported 
as  <0.2  yg/£.^  This  detection  limit  is  four  times  greater  than  the 
recommended  criterion.  This  causes  a single  detectable  measurement  to 
greatly  inflate  the  average  concentration  relative  to  the  criterion. 
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Secondly,  proposed  criteria  are  based  on  chronic  exposure  levels  which 
were  largely  and  conservatively  extrapolated  from  lethal  toxicity  data 
obtained  from  bioassays;  therefore,  it  is  not  known  what  environmental 
effects  may  result  as  a consequence  of  exceeding  this  value. 

277.  During  a meeting  held  in  Dallas  during  February  1976,  rep- 
resentatives from  the  Dallas  Regional  Office  of  EPA  recommended  that, 

in  order  to  provide  a conservative  approach  for  evaluating  the  potential 
for  adverse  effects  of  mercury  on  aquatic  life  in  Arcadia  Lake,  fish 
be  collected  from  the  Deep  Fork  River  near  the  proposed  damslte  and 
analyzed  for  mercury  content.  The  results  of  the  analysis  could  di- 
rectly determine  the  suitability  of  the  fish  as  a food  source  by 
comparing  body  burden  concentrations  to  FDA  limits  and  determine  the 
existence  of  possible  adverse  environmental  effects  of  mercury  con- 
tamination by  comparison  to  1973  EPA  criteria.  EPA  published  a maximum 
body  burden  concentration  for  mercury  in  fish  tissue  that  is  equal  to 
the  FDA  limit  of  0.5  mg/kg. ^ The  rationale  of  the  EPA-published 
criterion  is  that  maintenance  of  fish  tissue  concentrations  below  this 
level  is  sufficient  co  ensure  the  protection  of  freshwater  aquatic  life 
from  excessive  mercury. 

278.  The  study  recommended  by  EPA  was  expanded  to  include  lead 
and  all  chlorinated  pesticides  that  were  considered  as  possible  problem 
constituents  in  the  proposed  impoundment.  Following  a search  of  analyti- 
cal laboratories  capable  of  the  accuracy  and  precision  the  study  re- 
quired, North  Texas  State  University  (NTSU),  Denton,  Texas,  was  selected 
to  perform  the  analysis. 

279.  A collection  of  fish  consisting  of  green  sunfish,  orange 
spotted  sunfish,  bluegill  sunfish,  and  black  bullhead  was  obtained  by  TD 
by  electrofishing  in  the  Deep  Fork  River  at  the  proposed  impoundment 
site.  The  samples  were  sent  to  NTSU  for  analysis  to  determine  metal  and 
trace  organic  contents.  A report  prepared  by  NTSU  detailing  the  methods 
of  sample  collection,  preparation,  and  analysis  and  presentation  of 
results  is  given  in  Appendix  D. 


samples  ranged  from  less  than  detectable  to  0.04  mg/kg  (Table  29). 

The  sampling  design  provides  an  estimate  of  the  population  mean  based 
upon  20  fish,  but  only  11  observations  are  available  to  estimate  fish- 
to-fish  variance.  An  unbiased  estimate  of  the  population  mean  concen- 
tration of  mercury  in  fish  flesh  obtained  by  weighting  the  sample  obser- 
vations proportional  to  the  number  of  fish  in  the  composite  is  0.26  mg/kg. 
The  estimate  of  mean  mercury  concentration  in  fish  viscera  is  0.11  mg/kg. 

281.  An  unbiased  estimate  for  fish-to-fish  variance  of  flesh 
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mercury  content  is  0.0629  mg  /kg  ; the  variance  estimate  of  viscera 

2 2 

mercury  content  is  0.0288  mg  /kg  . These  estimates  were  used  to  con- 
struct one-sided  confidence  limits.  This  statistic  was  chosen  because 
a priori  the  fish  were  to  be  analyzed  to  determine  if  the  population 
mean  concentration  exceeded  the  FDA  limit  or  EPA  criterion  of  0.5  mg/kg, 
apart  from  some  assigned  chance.  The  upper  99-percent  confidence  limit 
on  the  population  mean  mercury  content  in  flesh  is  0.42  mg/kg.  The  cor- 
responding upper  confidence  limit  for  mercury  content  in  fish  viscera  is 
0.22  mg/kg.  Based  upon  the  sample  values,  the  hypothesis  that  fish 
mercury  content  equals  or  exceeds  the  FDA  limit  or  EPA  criterion  of 
0.5  mg/kg  is  considered  untenable. 

282.  Based  on  these  results,  it  is  concluded  that  the  true  mercury 
content  of  fish  inhabiting  the  Deep  Fork  River  near  Arcadia  is  less  than 
published  FDA  and  EPA  limits. 

283.  The  fish  species  collected  from  the  Deep  Fork  River  and 
analyzed  for  metals  and  pesticides  feed  predominantly  on  insects,  other 
fish,  and  crustaceans.  Thus  these  fish  are  positioned  in  a food  chain 
whose  origin  is  in  the  sediments  and  associated  particulate  materials. 
Since  the  data  collected  on  the  Deep  Fork  River  indicate  that  most  trace 
metals  and  pesticides  are  associated  with  particulates,  the  evidence 
suggests  that  concentrations  of  trace  metals  and  pesticides  in  fish 
following  impoundment  would  not  be  greater  than,  and  probably  would  be 
less  than,  concentrations  observed  in  the  Deep  Fork  River. 

Lead 


284.  Average  dissolved  lead  concentration  measured  by  USGS  near 


Arcadia  over  the  period  1969-74  was  3.9  pg /5,  considerably  less  than 
the  most  stringent  EPA  criterion  of  50  Mg/ £ . Lead  concentrations  re- 
ported by  agencies  other  than  the  USGS  (Table  27)  exceed  the  maximum 
concentration  permitted  in  Oklahoma  waters  and  EPA's  recommended  level 
for  the  protection  of  freshwater  aquatic  life.  The  high  lead  concentra- 
tions tabulated  in  Table  27  are  probably  due  to  particulate  species  that 
should  not  be  compared  to  toxicity  standards  developed  from  tests  using 
soluble  species  of  lead. 

285.  Dissolved  lead  concentrations  modified  to  reflect  STP  relo- 
cation remained  equal  to  prediversion  values  with  an  average  concentra- 
tion of  5 pg/5  over  the  period  of  1969  to  1974.  This  value  is  less  than 
the  most  stringent  EPA  criterion  of  30  pg/5  for  the  protection  of  aquatic 
life. 

2 

286.  In  a report  prepared  by  OSU,  lead  concentrations  in  the  pro- 
posed Arcadia  impoundment  were  listed  as  a potential  problem  because 
measured  lead  concentrations  in  the  Deep  Fork  River  were  close  to  and 
sometimes  exceeded  the  EPA  criterion  of  0.05  mg/5.  The  range  of  reported 

values  was  <0.01  to  0.18  mg/5,  with  13  of  51  observations  equaling  or 

2 

exceeding  the  criterion.  Additional  data  collected  by  the  Oklahoma 
State  Department  of  Health  along  the  upper  Deep  Fork  River  and  presented 
in  the  OSU  report  demonstrated  that  6 of  8 samples  taken  on  one  particu- 
lar day  also  exceeded  the  present  criteria  for  lead.  The  most  logical 
source  for  this  lead  is  automobile  emissions.  In  a report  by 
Newton  et  al.,^  it  was  calculated  that  the  average  lead  concentration 
in  runoff  from  the  Oklahoma  City  area  would  be  0.23  mg/5.  In  a limited 
sampling  program,  actual  total  lead  concentrations  ranged  from  0.09  to 
8.5  mg/5,  depending  on  the  location  of  the  sampling  site. 

2 

287.  The  lead  concentrations  presented  in  the  OSU  report  and  dis- 
cussed as  dissolved  lead  are  actually  something  other  than  dissolved 
lead.  At  the  time  of  collection,  water  samples  were  preserved  with 
nitric  acid  to  a pH  less  than  2.  The  analysis  thus  measured  dissolved 
lead  plus  any  particulate  lead  that  may  have  dissolved  in  the  dilute 
nitric  acid  solution  between  collection  and  analysis. 

288.  A recent  study  of  the  Deep  Fork  River  reported  lead 
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concentrations  of  1 to  73  yg/£.  Although  actual  data  were  not  given, 
it  was  reported  that  most  lead  was  present  in  suspension  as  shown  by  the 
fact  that  the  lead  was  removed  from  the  water  by  filtration.  In  addi- 
tion, total  lead  concentrations  increased  in  those  sections  of  the  Deep 
Fork  River  where  the  current  velocity  increased  and  the  total  lead 
concentrations  decreased  as  the  stream  velocity  decreased.  This  is  a 
further  indication  that  lead  is  transported  in  the  particulate  form 
rather  than  the  dissolved  form. 

27 

289.  An  examination  of  USGS  water-quality  data  from  the  Deep 

Fork  River  near  Arcadia,  Oklahoma,  further  demonstrates  that  lead  is 

transported  in  the  particulate  form.  During  the  period  January  through 

May  1974,  the  total  lead  concentration  ranged  from  <0.015  to  0.900  mg/Z 

with  an  average  value  of  0.26  mg/£.  The  dissolved  lead  concentrations 

during  this  period  ranged  from  0.001  to  <0.016  mg/£  with  an  average 

value  of  0.007  mg/Jl.  Based  on  these  results,  only  2.7  percent  of  the 

total  lead  present  (on  the  average)  is  in  the  dissolved  form.  Additional 

79 

USGS  unpublished  data  for  dissolved  and  total  lead  follow  this  pattern. 

290.  Additional  evidence  to  support  the  position  that  lead  is 

transported  through  natural  water  systems  in  particulate  form  was  pre- 
80 

sented  by  Peterson.  A study  of  16  Wisconsin  lakes  and  2 streams  re- 
vealed that  dissolved  lead  concentrations  were  generally  less  than  5 pg/£ 
and  that  the  ratio  of  dissolved  lead  to  total  lead  was  usually  in  the 
range  of  0.2  to  0.5.  The  mechanisms  responsible  for  the  observed  phase 
distribution  of  lead  are  probably  sorption  and  coprecipitation  since 
the  waters  were  undersaturated  with  respect  to  lead  based  on  known 
solubility  products  for  lead  compounds.  Laboratory  studies  also  con- 
firmed that  the  lead  in  the  water  would  be  reduced  to  less  than  equilib- 
rium levels  even  when  placed  in  contact  with  sediments  with  high  lead 
80 

contents. 

291.  The  fate  of  lead  in  natural  waters  is  to  accumulate  in  sinks. 

80 

A survey  of  the  technical  literature  suggested  that  lacustrine  and 
marine  sediments  act  as  lead  sinks,  as  demonstrated  by  the  increased 
rate  of  lead  accumulation  in  the  upper  layers  of  these  sediments.  The 
effectiveness  of  sediments  as  lead  sinks  can  be  demonstrated  by  a study 
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of  an  urban-rural  watershed  in  Illinois,  which  showed  that  97  to 

98  percent  of  the  lead  input  over  a 6-month  period  was  not  transmitted 

81 

through  the  water  system.  The  time  necessary  for  lead  movement  to 

sediments  can  be  very  short  as  shown  by  the  fact  that  the  calculated 

residence  time  for  lead  in  Monona  Bay,  a portion  of  a lake  influenced 

80 

by  urban  drainage  from  Madison,  Wisconsin,  is  0.5  days.  Also,  once 
in  the  sediments,  there  is  no  apparent  chemical  mechanism  for  the  re- 
lease of  lead  from  sedimentary  material.  Under  oxic  conditions,  the 
aqueous  environmental  chemistry  of  lead  is  controlled  by  sorption- 
coprecipitation  reactions  rather  than  solubility  and  less  than 
detectable  concentrations  of  sulfide  will  prevent  the  solubilization  of 
lead  under  anaerobic  conditions.  Also,  lead  concentrations  are  appar- 
ently not  magnified  through  the  food  chain  as  are  other  trace  contami- 

82 

nants  in  the  aquatic  environment. 

292.  Although  total  lead  concentrations  in  urban  runoff  reached 
several  thousand  micrograms  per  litre  and  lead  concentrations  in  urban 
precipitation  reached  tens  of  micrograms  per  litre,  dissolved  lead  con- 
centrations in  lake  water  only  reached  a few  micrograms  per  litre  be- 
cause of  the  dominant  role  of  sorption  reactions  in  the  water  chemistry 

80 

of  lead.  As  a result,  it  was  concluded  that  lead  derived  from  the  use 
of  the  metal  as  a gasoline  additive  would  not  constitute  a serious  water- 
quality  hazard  and  that  the  process  of  clarification  would  reduce  lead 
concentrations  below  recommended  standards  if  the  Madison  lakes  (or 
even  urban  runoff)  were  used  as  water  supply  sources. ^ 

293.  There  is  an  apparent  discrepancy  in  the  dissolved  lead  con- 

2 

centration  in  the  Deep  Fork  River  as  reported  by  OSU  and  those  reported 

27  78  79 

by  other  investigators.  ’ ’ The  cause  of  the  discrepancy  appears 

to  result  from  an  improper  choice  of  a sample  preservation  technique. 

2 

The  method  of  acidification  chosen  by  OSU  will  result  in  the  measure- 
ment of  dissolved  lead  plus  some  fraction  of  the  particulate  lead  present 
in  each  sample.  However,  a review  of  selected  references  concerning 
the  aqueous  environmental  chemistry  of  lead  demonstrates  that  the 

majority  of  lead  in  natural  waters  is  present  in  particulate  form.  This 

2 

suggests  that  the  OSU  analysis  overestimated  the  dissolved  lead 
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concentration  in  the  Deep  Fork  River.  Consequently,  based  on  other 

27  78  79 

sampling  near  the  proposed  impoundment  site  ’ ’ and  the  present 

80 

knowledge  of  the  water  chemistry  of  lead,  this  element  would  not  be 
expected  to  cause  water-quality  problems  if  the  impoundment  were  used  as 
a water  supply  source. 

294.  A recent  study  by  Davies  et  al.  of  the  acute  and  chronic 

toxicity  of  lead  to  rainbow  trout  demonstrates  the  differential  toxicity 

83 

of  dissolved  and  total  lead.  Two  static  bioassays  in  hard  water  gave 
96-hr  LC50's  (estimates  of  the  concentrations  of  a toxicant  which  are 
lethal  to  50  percent  of  the  organisms  tested  under  the  specified 
conditions  and  times)  of  1.32  and  1.47  mg/2,  for  dissolved  lead  and  542 
and  471  mg/2,  for  total  lead.  LC50's  for  total  lead  were  over  three 
orders  of  magnitude  greater  than  for  dissolved  lead.  Maximum  acceptable 
toxicant  concentrations  (MATC's)  of  lead  for  rainbow  trout  based  on 
chronic  bioassays  in  hard  water  were  between  18.2  and  31.7  yg/2  dissolved 
lead  and  120-360  yg/2  total  lead.  Average  dissolved  lead  concentration 
measured  in  the  Deep  Fork  River  near  Arcadia  of  3.9  yg/2  is  less  than  the 
calculated  MATC  for  trout.  Average  total  lead  concentration  of  220  yg/2 
is  near  but  less  than  the  average  MATC  for  total  lead.  Significantly, 
the  bioassays  were  conducted  with  trout,  a fish  species  that  is  generally 
considered  more  sensitive  to  environmental  perturbations  than  the  warm- 
water  fish  that  would  inhabit  the  proposed  impoundment. 

295.  The  preceding  study,  the  observation  that  trace  metal  con- 
centrations in  surrounding  impoundments  are  less  than  their  respective 
input  concentrations,  and  the  present  knowledge  of  the  environmental 
chemistry  of  lead  indicate  that  lead  would  not  be  expected  to  adversely 
affect  fish  populations  in  the  proposed  impoundment.  Recent  analyses 
of  lead  content  in  fish  collected  from  the  Deep  Fork  River  (Table  29) 
substantiate  this  conclusion. 

296.  Since  the  major  source  of  lead  in  the  Arcadia  watershed  was 
attributed  to  automobile  emissions,  an  initial  objective  of  this  study 
was  the  evaluation  of  the  significance  of  possible  future  changes  in 
the  lead  content  of  gasoline.  The  EPA  published  an  initial  schedule 
for  phasing  lead  out  of  gasoline  that  required  lead  to  be  reduced  from 
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0.45  g/£  on  1 January  1975  to  0.13  g/£  on  1 January  1979.^  This  action 
was  successfully  challenged  on  the  grounds  that  the  data  did  not  demon- 
strate that  use  of  leaded  gasoline  in  vehicles  produced  any  harmful  ef- 
fects on  human  health.  On  20  December  1974,  these  regulations  were  set 

85 

aside  by  the  U.  S.  Court  of  Appeals  for  the  District  of  Columbia. 

As  a result  of  this  decision,  EPA  has  suspended  enforcement  of  the  regu- 
lations. 


Trace  Metal  Loadings  and 
Concentrations  in  the  Proposed  Impoundment 


297.  No  attempt  was  made  to  calculate  total  loading  for  most  trace 
metals  at  the  Arcadia  site  because  of  the  lack  of  data  and  the  varia- 
bility of  the  data  available  (Table  26).  For  example,  although  the 
data  period  for  Table  26  is  5 yr,  only  six  observations  were  obtained 
for  14  of  the  metals  and  these  were  obtained  during  a 1-month  period 
(February  1974).  Therefore,  it  is  not  known  if  the  concentration  can 

be  expected  to  change  seasonally.  In  addition,  variability  is  high  in 
some  cases  as  demonstrated  by  the  iron  concentrations  that  ranged  from 
0 to  3800  yg/£.  Finally,  the  state-of-the-art  has  not  progressed  to 
the  point  where  metal  loadings  can  be  calculated  based  on  a knowledge 
of  land-use  patterns  and  population  distribution.  Thus,  the  influence 
of  the  impoundment  or  urbanization  on  trace  metal  loadings  cannot  be 
calculated. 

298.  Even  though  present  loading  rates  cannot  be  reasonably  ap- 
proximated, it  can  be  anticipated  that  the  trace  metal  loadings  will  be 
reduced  following  impoundment.  First,  the  diversion  of  the  Northside 
STP  effluent  should  reduce  the  loading  of  metals  below  present  rates 
because  many  metals  have  been  detected  in  the  effluent  (Table  27)  and 
the  sewage  outfall  represents  a significant  percentage  of  total  flow 

in  the  Deep  Fork  River.  Second,  the  conversion  from  leaded  gasoline  to 
nonleaded  gasoline,  if  it  occurs,  should  specifically  reduce  the  flux 
of  lead.  A reduction  in  gas  consumption  due  to  shortages,  higher  prices, 
or  changing  driving  habits  would  tend  to  further  lower  the  rate  of  lead 
loading. 
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299.  The  significance  of  reduced  metal  loadings  cannot  be  estimated 
at  this  time.  Since  there  are  insufficient  data  to  calculate  the  present 
loading,  the  percent  reduction  due  to  sewage  diversion  and  the  use  of 
nonleaded  gasoline  cannot  be  calculated.  Also,  the  distribution  of 
metals  from  these  sources  between  the  soluble  and  particulate  phase  is 
unknown,  which  would  further  complicate  any  attempted  prediction.  As 
can  be  seen  in  Table  30,  the  percentage  of  soluble  metal  in  the  Deep 
Fork  River  ranges  from  1 percent  for  iron  to  77  percent  for  strontium. 
Thus  a reduction  in  total  loading  would  not  have  a uniform  effect  on 

all  the  metals.  In  addition,  the  redistribution  of  the  residual  metals 
between  soluble  and  particulate  forms  that  may  occur  if  the  present  rate 
of  loading  changes  is  unknown. 

300.  Another  approach  taken  to  evaluate  future  trace  metal  concen- 
trations in  the  proposed  Arcadia  impoundment  was  to  collect  and  analyze 
samples  from  Lakes  Eufaula  and  Thunderbird  (Tables  3]  and  32,  respec- 
tively). In  Lake  Eufaula,  average  dissolved  metal  concentrations  were 
less  than  recommended  EPA  criteria.  Total  concentrations  for  cadmium, 
iron,  and  manganese  appear  to  exceed  criteria,  but  the  comparison  is  not 
valid  because  the  total  concentration  includes  particulate  metal  species, 
but  the  criteria  were  established  using  dissolved  metal  species. ^ 
Dissolved  metal  concentrations  in  the  Deep  Fork  tributary  to  Lake  Eufaula 
were  less  than  EPA  criteria,  suggesting  no  buildup  in  concentration 
would  occur  after  impoundment.  In  fact,  dissolved  iron,  total  copper, 
and  total  zinc  appear  to  decrease  in  the  lake  relative  to  tributary 
concentrations.  Lake  Thunderbird  data  are  similar  in  that  dissolved 
metal  concentrations  are  usually  low  with  occasional  high  total  iron  and 
manganese  concentrations.  A comparison  of  tributary  and  lake  data  in 
Tables  31  and  32  suggests  a reduction  in  dissolved  manganese,  a reduction 
in  total  iron  and  manganese,  and  no  significant  change  in  other  dissolved 
metal  concentrations. 
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PART  VIII:  PESTICIDES  AND  PCB 


301.  A comparison  of  the  1976  EPA  criteria  with  all  pesticide  and 
PCB's  measured  in  the  Deep  Fork  River  near  Arcadia  is  summarized  in 
Table  33.  Lindane,  chlordane,  DDT,  dieldrin,  heptachlor,  aldrin,  and 
PCB  exceeded  the  recommended  limits  for  the  protection  of  freshwater 
aquatic  life. 

302.  Because  of  the  persistence,  bioaccumulative  properties,  and 
carcinogenic  potential  of  chlordane,  DDT,  dieldrin,  heptachlor,  and 
aldrin,  the  EPA  did  not  establish  numerical  limits  for  these  pesticides 
for  water  supply  but  recommended  minimum  human  exposure  to  these  con- 
stituents. Significantly  the  EPA  has  suspended  the  production  or 
restricted  the  use  of  each  of  these  pesticides,  which  should  result  in 
a gradual  decrease  in  concentrations  in  the  environment.  However,  each 
of  these  pesticides  was  detected  at  least  once  in  the  Deep  Fork  River 
near  Arcadia. 

303.  Data  reported  by  the  Oklahoma  Departments  of  Agriculture  and 

Pollution  Control  suggest  that  pesticide  contamination  is  restricted 

to  the  upper  Deep  Fork  River  or  *-hat  residues  are  either  not  transported 

86  8 7 

downstream  or  they  are  rapidly  degraded.  ’ Monthly  sediment  and 
water  samples  collected  from  the  Deep  Fork  River  near  Beggs,  Oklahoma, 
had  no  detectable  pesticide  residues. 

Water  Chemistry  of  Pesticides:  An  Overview 


304.  The  use  of  organic  pesticides  has  increased  exponentially 

since  1940.  Because  of  widespread  increased  usage,  the  question  is  not 

whether  pesticides  occur  in  a particular  environment  but  rather  at  what 

88 

level  do  they  occur  in  the  environment.  Pesticide  residues  are  in- 
troduced into  surface  waters  as  a result  of  (a)  atmospheric  deposition, 
groundwater,  and  runoff  losses  from  treated  agricultural  areas; 

(b)  municipal  and  industrial  effluents;  and  (c)  direct  addition  to  lakes 
for  the  control  of  aquatic  plants,  insects,  and  rough  fish.  Once  in 
surface  waters,  the  aquatic  chemistry  of  chlorinated  hydrocarbons  is 
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strongly  influenced  by  the  properties  of  the  individual  pesticides. 

Since  most  chlorinated  hydrocarbons  have  low  solubilities  and  are  usually 
nonpolar,  the  dominant  reactions  are  (a)  sorption  on  suspended  solids 
and/or  precipitation  with  resultant  incorporation  into  the  sediments  and 
(b)  accumulation  in  the  fatty  tissue  of  living  organisms. 

Sorption 

305.  The  importance  of  the  sorption/precipitation  process  for  re- 
moving chlorinated  hydrocarbon  compounds  from  surface  waters  has  been 

repeatedly  demonstrated  by  the  rapid  and  large  accumulation  observed  in 
89-95 

sediments.  The  phase  distribution  ratio  for  pesticides  in  water  and 

suspended  sediments  has  been  as  great  as  1:1000  for  dieldrin,  DDT,  and 

aldrin  and  between  1:100  and  1:1000  for  aldrin,  heptachlor,  and  hepta- 
94 

chlor  epoxide.  The  most  plausible  mechanisms  for  the  sorption  pro- 
cesses are  van  der  Waal's  forces  and  hydrogen  bonding  because  of  the  low 

92 

polarity  and  slight  ionization  of  pesticide  compounds.  Important 
variables  that  can  influence  the  sorption  equilibrium  are  (a)  suspended 
solids  concentrations,  (b)  organic  matter  content  of  the  solids,  (c)  type 
of  pesticide,  (d)  pesticide  concentration,  (e)  clay  content  of  the 
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solids,  (f)  pesticide-to-sediment  ratio,  (g)  pH,  and  (h)  temperature.  ’ 

306.  Sorption  also  becomes  a process  for  transporting  pesticides 

from  one  portion  of  the  environment  (the  surface  waters)  to  another  (the 

sediments)  as  suspended  solids  settle  under  the  influence  of  gravity. 

Thus,  sorption  is  an  indirect  form  of  environmental  dissipation  since 

the  chlorinated  hydrocarbon  pesticide  is  still  present  chemically,  but 

the  degree  of  availability  to  aquatic  organisms  is  usually  reduced 
93 

markedly.  The  process  of  sorption  may  also  act  as  a catalyst  in  the 
degradation  of  pesticides  as  shown  by  the  fact  that  adsorbed  parathion 
will  hydrolyze  two  to  three  times  faster  than  soluble  parathion. ^ In 
addition,  sorption  may  increase  the  flux  of  pesticide  residues  into 

anaerobic  sediments  where  the  degradation  of  yBHC  (a  high-energy  form 

97  94 

of  benzene  hexachloride) , DDT,  endrin,  lindane,  aldrin,  heptachlor, 

98 

and  dieldrin  is  enhanced. 

307.  Association  of  pesticides  with  suspended  solids  has  the  gen- 
eral effect  of  reducing  the  mobility  of  these  compounds.  After 
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reviewing  the  literature,  Pionke  and  Chesters  concluded  that  chlorinated 
hydrocarbons  were  not  amenable  to  leaching  at  concentrations  as  high  as 
1000  yg/g.^  However,  this  effect  will  depend  on  the  pesticide  in 
question  and  the  nature  of  the  adsorbent.  For  example,  Boucher  and  Lee 
observed  that  70  percent  of  the  lindane  sorbed  on  natural  aquifer  sands 
was  leached  by  three  washes  of  distilled  water,  but  less  than  20  percent 


of  the  sorbed  dieldrin  was  released  under  the  same  conditions. 


Also, 


Huang  and  Liao  observed  that  25  percent  of  the  dieldrin  but  little 
DDT  or  heptachlor  was  desorbed  from  montmorillonite  washed  with  dis- 
tilled water. 

308.  In  a separate  study,  Lee^l  observed  the  apparent  release  of 

DDT,  endrin,  and  methoxychlor  from  Houston  Ship  Channel  sediments  in 

quantities  sufficient  to  exceed  EPA  criteria.  (The  pesticide  content 

per  kilogram  of  sediment  was  46.5  mg  DDT,  29.3  mg  endrin,  and  30.0  mg 

methoxychlor.)  Also,  the  continued  presence  of  PCB's  in  Escambia  Bay, 

Florida,  was  presumed  to  be  caused  by  leaching  from  sediments  containing 
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486  ppm  Aroclor  1254.  Sediments  from  the  area  containing  1.4  to 

61.0  ppm  PCB's  produced  a concentration  of  3.5  ppb  in  the  effluent  from 

95 

a flow-through  bioassay  tank. 

Bioaccumulation 

309.  Another  method  of  pesticide  movement  in  the  aquatic  environ- 
ment that  has  received  considerable  attention  is  bioaccumulation.  This 
is  the  phenomenon  that  results  in  organisms  having  higher  pesticide 
residues  than  the  surrounding  water, and  organisms  at  higher 
trophic  levels  having  higher  concentrations  than  organisms  at  lower 
trophic  levels.^'7  This  distribution  of  pesticides  within  a community 
is  frequently  attributed  to  magnification  within  the  food  chain. 

310.  It  has  been  shown  that  predators  could  be  acutely  affected  by 
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endrin-containing  organisms.  For  example,  Rosato  and  Ferguson  and 
109 

Ferguson  have  demonstrated  that  endrin-containing  mosquito  fish  were 
acutely  toxic  to  11  species  of  vertebrates  including  fish,  frogs, 
turtles,  snakes,  and  birds.  In  one  case,  an  endrin-contaminated  fish 
released  enough  pesticide  into  the  water  to  be  toxic  to  mosquito  fish 


that  were  previously  uncontaminated.' 


However,  there  is  some  question 
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as  to  whether  the  observed  accumulation  of  pesticides  in  the  food  web 
is  due  to  ingestion  of  lower  species.  Ferguson  and  Goodyear^’'  deter- 
mined mortality  of  black  bullheads  in  endrin  solutions  after  tying  off 
the  gut  in  the  region  of  the  upper  esophagus.  Since  there  was  no  dif- 
ference in  mortality  of  treated  and  control  fish,  it  was  concluded  that 

endrin  ingested  with  food  is  inconsequential  and  that  the  gills  were  the 

1 12 

predominant  mechanism  of  entry.  Reinert  et  al.  compared  dieldrin  and 
DDT  uptake  in  lake  trout  from  water  containing  0.006  to  0.010  ppb 
insecticides  and  food  pellets  containing  1700  to  2300  ppb.  The  accumu- 
lated levels  after  152  days  were  350  to  650  ppb,  but  it  was  not  possible 
to  determine  how  much  of  the  accumulated  material  was  due  to  the  food 

source  since  0.003  to  0.004  ppb  of  insecticide  leached  into  the  water. 
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Nimmo  et  al.  observed  that  crab  and  shrimp  accumulated  Aroclor  1254 

but  could  not  distinguish  between  ingestion  of  sediment  particles  or 

adsorbing  PCB's  leached  from  the  sediments.  However,  the  results  of 

these  studies  suggest  that  predatory  species  can  concentrate  pesticides 

directly  from  the  water.  Pesticides  in  sediments  are  probably  not 
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readily  available  to  fish. 

311.  Regardless  of  the  mechanism  of  chlorinated  hydrocarbon  in- 
secticide uptake,  organisms  generally  do  not  continue  to  concentrate  the 
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compounds  until  toxic  levels  are  reached.  Meeks  followed  the  distribu- 
tion of  isotopically  labeled  DDT  in  a Lake  Erie  marsh  for  15  months  after 
a single  application.  Samples  of  water,  suspended  solids,  sediment,  and 
40  species  of  organisms  ranging  from  plants  to  muskrats  and  birds  were 
collected  and  analyzed  for  DDT  residues  in  as  many  as  16  tissues  or 
organs  per  specimen.  The  black  crappie  was  the  only  species  to  accumu- 
late DDT  continually  through  the  duration  of  the  study,  reaching  concen- 
trations of  0.7  ppm  at  14  months.  Other  organisms  had  higher  whole  body 
concentrations  that  reached  their  maximum  value  in  3 days  to  3 months 
after  application,  but  these  levels  steadily  declined  although  the  sedi- 
ments contained  a constant  residual  of  0.3  ppm.  This  suggests  that  many 
species  can  either  degrade  or  excrete  chlorinated  hydrocarbon  residues 

and  sedimentary  DDT  is  not  readily  available  to  the  marsh  organisms. 

90 

312.  Mrak  reviewed  several  studies  showing  oysters  and  shellfish 
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could  cleanse  themselves  of  pesticide  residues.  Shellfish  excreted 

0.3  to  1.5  ppm  of  chlorinated  hydrocarbon  in  10  to  20  days,  depending  on 

the  compound.  Another  study  demonstrated  that  endrin  concentrations  in 

submerged  plants,  clams,  and  fish  varied  with  the  seasonal  use  of  the 

compound.  PCB  concentrations  in  Escambia  Bay,  Florida,  oysters  also 
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fluctuated  with  changes  in  the  water  concentration.  These  results 

demonstrate  that  short-term  pesticide  contamination  does  not  imply  a 
permanent  residual  concentration  in  aquatic  organisms.  The  significance 
of  this  accumulation  is  not  understood  at  this  time,  although  excretion 
of  residuals^O  ancj  predation  on  contaminated  organisms^ ^ have  caused 
mortality  to  other  species  in  some  cases. 

Toxicity 

313.  An  important  aspect  of  the  water  chemistry  of  pesticides  that 

is  influenced  by  the  sorption  and  bioaccumulation  mechanisms  discussed 

above  is  the  apparent  toxicity  of  the  residue.  Sorption  may  catalyze 
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the  degration  of  a pesticide  or  may  carry  the  residue  to  the  sediments 

94,97  98 

where  degradation  may  be  favored.  ’ ’ In  addition,  incorporation  of 

pesticide  residues  into  the  sediments  may  decrease  biological  magnifica- 
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tion  factors  by  several  orders  of  magnitude. 

314.  The  process  of  biological  magnification  also  tends  to  reduce 
apparent  toxicity  of  pesticides  as  shown  by  the  higher  mean  tolerance 
limit  of  test  animals  with  a past  exposure  history  and  a measurable 
body  burden  residue.  In  one  case,  previously  exposed  mosquito  fish  had 

a 36-hr  TLm  „ (median  tolerance  level)  of  1000  Mg/kg  endrin,  and  nonex- 

'>U  110 
posed  mosquito  fish  had  a 36-hr  TLm,_Q  of  1 yg/kg  endrin.  In  another 

case,  susceptible  golden  shiners  were  killed  in  75  min  when  exposed  to 

endrin  for  the  first  time,  but  tolerant  shiners  had  only  80-percent 

mortality  after  40  hr,  even  though  their  blood  content  was  64  times 

higher  and  the  total  body  residue  was  82  times  higher  than  the  suscepti- 


ble specimens. 


The  increased  tolerance  was  passed  on  genetically 


through  at  least  four  generations.  This  form  of  acclimatization  has 

also  been  observed  for  DDT,  toxaphene,  and  methyl  parathion. In 

addition,  previously  treated  lake  sediments  degrade  2,4-D  faster  than 

untreated  lake  sediments,  which  further  suggests  biological  acclimatiza- 
90 

tion.  However,  as  discussed  by  Ferguson  et  al.,  an  increased  tolerance 
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may  not  be  completely  satisfactory  since  this  may  allow  a greater  bio- 
logical accumulation  that  will  result  in  a tolerant  specimen  being  toxic 
to  susceptible  specimens  of  the  same  species  at  some  later  date.^^ 

314.  Studies  also  indicate  that  it  may  be  necessary  to  distinguish 
between  toxicity  and  the  analytically  determined  pesticide  concentration. 

Hughes  has  shown  that  toxaphene  recovered  from  lake  sediments  is  not 

.91 

as  toxic  as  the  original  formulation.  Toxaphene  is  a multicomponent 
mixture  containing  20  to  30  compounds,  and  one  of  these  compounds  that 
apparently  contributes  to  toxicity  was  selectively  degraded  in  the  sedi- 
ments. The  same  component  was  degraded  in  fish  tissue,  suggesting  that 
accumulated  residues  had  lost  some  of  their  toxicity.  Another  example 
is  the  isomerization  of  BHC  (benzene  hexachloride) . A high-energy  form, 
yBHC,  is  usually  applied  to  the  environment.  However,  this  form  is 
transformed  into  lower  energy  a , B , and  6 forms  by  bond  rotation. 
This  reduces  BHC  toxicity  from  125  mg  BHC/kg  body  weight  for  the  y form 

to  6000  mg  BHC/kg  body  weight,  even  though  the  BHC  structure  remains  in- 
97 

tact. 

316.  A point  of  caution  that  should  be  mentioned  is  that  all 

chlorinated  hydrocarbon  pesticide  decay  products  are  not  known.  It  is 

thus  possible  that  degradation  may  increase  the  toxicity  of  pesticide 
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residues  in  some  cases.  As  an  example  (where  the  products  are  known), 

the  degradation  product  of  aldrin  (dieldrin)  is  more  toxic  to  some 
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species  than  the  parent  compound. 

317.  The  toxicity  of  pesticide  residues  in  water  can  be  reduced  by 

97  88 

physical  processes  of  volatilization  and  codistillation.  These 
processes  do  not  reduce  toxicity  by  changing  chemical  structure  or  bio- 
logical availability  but  by  physically  transporting  chlorinated  hydro- 
carbons across  the  water-air  interface  and  out  of  the  water  phase. 

Summary 

318.  The  environmental  chemistry  of  chlorinated  hydrocarbons  is 
exceedingly  complex,  as  illustrated  by  the  information  discussed  above. 
Although  pesticides  may  persist  for  long  times  chemically,  it  is  neces- 
sary to  distinguish  between  the  chemical  and  biological  half-life.  Pro- 
cesses such  as  sorption  and  sedimentation  can  reduce  the  biological 
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half-life  relative  to  chemical  half-life  (i.e.  reduce  the  availability). 
In  addition,  the  toxicity-time  relationship  for  a pesticide  can  be 
markedly  changed  in  the  environment.  This  can  be  attributed  to  an  aging 
or  selective  degradation  of  the  residue  and  to  an  increased  tolerance 
that  can  be  developed  and  passed  on  genetically.  This  adaptation  may 
lower  the  apparent  toxicity  of  pesticides  by  three  orders  of  magnitude 
and  further  reduce  the  significance  of  chemical  persistence.  The  varia- 
ble adaptability  of  individual  organisms  also  makes  it  impossible  to  es- 
tablish precise  critical  levels  for  bioaccumulated  chlorinated  hydro- 
carbon insecticides  at  this  time.^^ 


Existing  and  Predicted  Concentrations 
and  Loadings  in  the  Deep  Fork  River 


DDT 

319.  The  average  DDT  concentration  over  the  period  1969-74  was 

0.006  pg/£.  Concentrations  of  64  samples  ranged  from  0 to  0.06  Vg/S, 

with  30  percent  of  sample  values  exceeding  the  freshwater  aquatic  life 

criterion  of  0.001  pg/£.  Average  DDT  concentration  in  Deep  Fork  River 

bottom  deposits  was  0.75  pg/kg.  Inspection  of  Table  34  reveals  that 

average  annual  concentrations  decreased  during  the  study.  Loadings 

during  the  same  period  decreased  from  1969  through  1972  but  increased 

during  1973  to  1974  to  prior  levels  (Table  35).  However,  1973  and  1974 

were  exceptionally  wet  years  and  DDT  loading  is  correlated  with  flow. 

While  part  of  the  increased  loading  is  undoubtedly  related  to  increased 

runoff  as  a consequence  of  increased  rainfall,  part  of  the  increased 

loading  may  also  be  due  to  greater  quantities  of  suspended  sediments 

being  transported  at  higher  flow  rates.  It  would  be  expected  that  the 

organochlorine  pesticides  would  be  found  associated  (adsorbed)  with  the 
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suspended  stream  load  because  of  the  hydrophobic  nature  of  pesticides. 

320.  The  average  concentrations  of  the  DDT  degradation  products, 
DDD  and  DDE,  were  0.008  and  0.002  pg /&,  respectively.  DDD  concentration 
decreased  from  a high  of  0.028  pg / SL  during  water  year  1969-70  to 

0.001  yg/8,  during  water  years  1971-72  and  1972-73.  Two  detectable 
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concentrations  measured  May  and  August  1974  inflated  the  average  DDD 
concentration  for  water  year  1973-74  to  0.006  yg/&.  One  sample  collected 
in  May  1974  had  a detectable  DDE  concentration.  Neither  DDD  or  DDE  were 
detected  in  bottom  deposits  of  the  Deep  Fork  River  near  Arcadia. 

321.  Modification  of  DDT  sample  values  to  reflect  STP  relocation 
resulted  in  no  reduction  in  loading  but  a 16-percent  increase  in  concen- 
tration. The  sewage  treatment  plant  is  not  a major  source  of  DDT 
(Table  10). 

322.  Significantly,  almost  all  uses  of  DDT  were  canceled  under  the 
Federal  Insecticide,  Fungicide,  and  Rodenticide  Act,  7 USC  136  et  seq., 
on  18  March  1971.  The  effect  of  this  action  should  be  a sharp  reduction 
of  DDT  additions  to  the  watershed. 

Aldrin  and  dieldrin 

323.  The  1976  EPA  criteria  specifies  that  criteria  for  aldrin  and 
dieldrin  be  based  on  the  sum  of  the  two  pesticides.  This  recommendation 
was  motivated  by  the  observation  that  aldrin  is  metabolically  converted 
to  dieldrin  by  aquatic  organisms. 

324.  Average  aldrin  concentration  in  64  samples  was  0.002  yg/£; 
corresponding  average  dieldrin  concentration  in  64  samples  was  0.038  yg/2,. 
The  average  sum  of  aldrin  and  dieldrin  was  0.040  yg/£,  which  exceeds  the 
recommended  EPA  limit  of  0.003  yg/£  for  the  protection  of  freshwater 
aquatic  life.  No  aldrin  was  detected  in  bottom  deposits  while  average 
dieldrin  concentration  was  0.95  yg/kg  in  the  bottom  deposits.  Annual 
concentration  of  aldrin-dieldrin  remained  constant  (0.03  to  0.04  yg/£) 
over  the  study  period,  but  annual  loadings  reflected  increased  flows 
during  1973  and  1974  (Tables  34  and  35). 

325.  The  data  suggest  that  the  STP  contributes  flow  and  aldrin- 
dieldrin  in  the  same  relative  proportion  as  measured  near  Arcadia.  The 
sample  values  modified  after  considering  STP  diversion  represent  no 
change  in  instream  concentrations  but  show  a 19-percent  decrease  in 
average  loadings. 

326.  The  EPA  has  suspended  the  major  uses  of  aldrin  and  dieldrin. 

The  expected  effect  of  the  suspension  is  restriction  of  use  to  structural 
application  by  licensed  exterminators  with  subsequent  declines  in 
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instream  concentrations  and  loadings  in  the  Deep  Fork  River. 

Chlordane 

327.  The  average  value  of  65  chlordane  samples  collected  during 

the  period  1969-74  was  0.15  yg /£.  Sample  values  ranged  from  0 to  1.7  yg/ft 
with  52  percent  of  the  values  exceeding  the  EPA  criterion  of  0.01  yg/£ 
for  the  protection  of  freshwater  aquatic  life.  Chlordane  concentrations 
appeared  to  decrease  during  the  first  half  of  the  study  period  to  below 
the  criterion  and  then  increase  during  the  remainder  of  the  period 
(Table  34).  The  high  concentration  observed  during  water  year  1973-74 
is  due  to  two  exceptionally  high  values  of  1.7  yg/£  measured  on  21  and 
22  May  1974.  The  same  pattern  was  observed  for  annual  loadings  (Table  35) 
with  the  large  loading  calculated  for  1973-74  due  to  the  high  sample 
values.  Chlordane  loadings  are  strongly  related  to  flows.  The  average 
chlordane  concentration  in  the  sediments  of  the  Deep  Fork  River  near 
Arcadia  was  5.5  yg/kg. 

328.  Calculations  suggest  that  relocation  of  the  STP  will  increase 
chlordane  concentrations  by  33  percent,  while  loadings  will  remain  con- 
stant. The  EPA  has  canceled  many  of  the  major  uses  of  chlordane,  which 
should  reduce  chemical  loadings  and  probably  concentrations. 

Lindane 

329.  The  average  lindane  concentration  over  the  period  1969-74 
was  0.07  yg/2..  Concentrations  of  64  samples  ranged  from  0 to  3 yg/£ 
with  39  percent  of  the  samples  exceeding  the  most  stringent  EPA 
criterion  of  0.01  yg/7.  for  the  protection  of  freshwater  aquatic  life. 
However,  the  average  lindane  concentration  was  50  times  less  than  the 
recommended  public  water  supply  criterion.  Average  annual  concentra- 
tions decreased  during  the  study  period  to  values  below  recommended 
levels  (Table  34) . The  peak  concentration  observed  during  water  year 
1970-71  was  due  to  one  exceptionally  high  sample  value  collected  on 
22  January  1971  of  3 yg/2,.  Loadings  displayed  a similar  pattern, 
decreasing  throughout  the  study  period  (Table  35) . A continuation  of 
this  trend  should  reduce  the  concern  for  lindane  in  the  Deep  Fork  River. 

330.  The  average  concentration  of  lindane  measured  in  the  final 
effluent  of  the  treatment  plant  was  0.04  yg/£,  considerably  less  than 


0.07  yg/£  measured  near  Arcadia  between  1969  and  1974.  Since  the  final 
effluent  supplied  considerably  more  flow  than  mass  of  lindane  relative 
to  instream  values,  calculations  suggest  that  relocation  of  the  treat- 
ment plant  will  result  in  a 71-percent  increase  in  concentration  and  a 
9-percent  decrease  in  loading  (Table  10).  However,  these  calculations 
were  based  on  the  average  lindane  concentration  over  the  period  of  data 
collection.  Since  the  annual  concentration  at  Arcadia  has  decreased  to 
0.009  yg/Jl  in  the  last  2 yr  (Table  34),  this  would  suggest  that  diversion 
of  the  Northside  effluent  would  significantly  reduce  concentrations  and 
loadings  of  lindane.  No  lindane  was  detected  in  Deep  Fork  River  sedi- 
ments near  Arcadia. 

Heptachlor  and  heptachlor  epoxide 

331.  Sixty- three  measurements  of  heptachlor  and  64  measurements  of 
its  degradation  product  heptachlor  epoxide  were  made  in  the  Deep  Fork 
River  near  Arcadia  between  September  1969  and  December  1974.  Only 
samples  collected  on  22  May  1974  had  detectable  heptachlor  concentra- 
tions. No  heptachlor  epoxide  was  detected  in  water  samples.  The  average 
heptachlor  concentration  was  0.002  yg/£.  Three  percent  of  the  samples 
exceeded  the  recommended  EPA  criterion  of  0.001  yg/E  for  the  protection 
of  freshwater  aquatic  life.  Neither  heptachlor  or  heptachlor  epoxide 
were  detected  in  Deep  Fork  River  sediments  near  Arcadia 

332.  The  ACOG  conducted  storm  water  runoff  sampling  for  pesticides 
in  the  upper  Deep  Fork  River  above  Belle  Isle  Lake.  Heptachlor  concen- 
trations for  single  samples  collected  5 and  29  October  1976  were  0.0002 
and  0.000083  yg /£,  respectively.  Heptachlor  epoxide  concentration  of  a 
sample  collected  29  October  1976  was  0.000119  yg/£.  Both  heptachlor  and 
heptachlor  epoxide  concentrations  were  less  than  recommended  EPA  limits 
for  the  protection  of  freshwater  aquatic  life.  Significantly,  the  EPA 
suspended  the  production  and  use  of  heptachlor  on  July  1975,  which  should 
result  in  a gradual  decrease  in  concentrations  in  the  environment. 

PCB 

333.  Average  PCB  concentration  measured  in  the  Deep  Fork  River  was 
0.003  yg /£,  which  exceeds  the  recommended  1976  EPA  limit  of  0.001  yg/L 
for  the  protection  of  freshwater  aquatic  life.  Only  one  sample  collected 
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on  24  August  1974  had  a detectable  PCB  content  that  was  equal  to  the 
detection  limit  of  0.1  pg/L.  A total  of  28  PCB  analyses  were  conducted 
between  1969  and  1975.  No  PCB's  were  detected  in  the  sediments  of  the 
Deep  Fork  River  near  Arcadia.  Because  of  the  rare  occurrence  of  PCB's 
in  the  Deep  Fork  River  and  the  phasing  out  of  the  use  of  PCB's  as  a 
dielectric  in  electrical  equipment,  PCB's  are  not  expected  to  exceed 
criteria  in  the  proposed  impoundment. 

334.  Sampling  of  the  Northside  STP  revealed  that  the  STP  was  a 
significant  source  of  one  of  the  PCB's,  Aroclor  1254.  Diversion  of  the 
STP  effluent  should  further  decrease  concern  for  these  constituents. 


An  Evaluation  of  Possible  Water-Quality 
Problems  in  Arcadia  Lake  due  to  Pesticides 

335.  Following  STP  diversion,  calculations  indicate  that  pesticide 
loading  would  decrease  while  pesticide  concentrations  would  increase. 

An  evaluation  of  organic  pesticides  in  Arcadia  Lake  and  downstream 
releases  requires  a consideration  of  the  environmental  chemistry  of 
these  constituents. 

336.  The  calculation  of  average  yearly  concentrations  of  selected 

organic  compounds  in  the  Deep  Fork  River  was  based  on  the  assumption 

that  these  compounds  would  behave  conservatively.  Extrapolation  of  these 

values  to  Arcadia  Lake  is  in  error  because  pesticides  and  related  coin- 
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pounds  generally  exhibit  sorption  tendencies.  Meeks  observed  that 

20  percent  of  the  DDT  in  the  water  phase  was  associated  with  suspended 

material  1 hr  after  application  of  the  pesticide  to  a marsh  on  Lake 
89 

Erie.  Within  5 days,  more  than  80  percent  of  the  material  in  the  water 

was  associated  with  suspended  material.  In  another  case,  measurable 

quantities  of  DDT  associated  with  suspended  solids  were  transported 
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68  miles  downstream  from  the  point  of  application.  Other  workers  have 
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shown  that  toxaphene,  lindane,  ’ and  parathion  ’ concentrations 

are  reduced  by  sorption.  In  addition,  Robeck  et  al.  have  shown  that 

activated  carbon  can  reduce  DDT,  lindane,  parathion,  dieldrin,  2,4,5-T, 
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and  endrin  concentrations  by  as  much  as  99  percent,  depending  on  the 
122 

carbon  dose.  The  sorption  of  pesticides  to  particulate  matter  will 

reduce  the  amount  available  to  organisms  and  increase  their  rate  of  re- 
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moval  from  the  water  column. 

337.  Additional  data  reported  by  the  Oklahoma  Department  of 
Agriculture  and  the  Oklahoma  Department  of  Pollution  Control  also  sug- 
gest that  the  calculated  concentrations  may  be  high.  Sediment  and  water 
samples  collected  monthly  during  November  1972  through  October  1973  from 

the  Deep  Fork  River  near  Beggs,  Oklahoma,  had  no  detectable  (detection 
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limit  = 0.02  pg/Jl)  pesticide  residues.  Also,  bass  from  Lake 
Thunderbird  contained  0.08  to  0.115  mg/kg  DDT  compared  to  the  recom- 
mended standard  of  5.0  mg/kg. ^ A less-frequent  sampling  program  con- 
ducted during  1971  and  1972  reported  less  than  0.02  pg/L  DDT,  aldrin, 

8 7 

dieldrin,  heptachlor,  lindane,  and  toxaphene  in  the  Deep  Fork  River. 

DDT  residues  of  less  than  0.7  mg/kg  were  reported  in  bass  collected  from 

Lakes  Eufaula  and  Thunderbird  (Table  36).  Analysis  of  samples  recently 

collected  from  Lake  Eufaula  and  Lake  Thunderbird  and  their  tributaries 

indicates  that  the  concentrations  of  organic  compounds  are  not  building 
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up  (accumulating)  in  lakes  in  the  vicinity  of  Oklahoma  City.  Three 

samples  in  the  survey  were  positive  for  2,4, 5-T  and  one  sample  was 
positive  for  2,4-D,  but  excessive  concentrations  were  not  reported. 

338.  An  analysis  of  fish  collected  in  Oklahoma  reservoirs  as  part 
of  a National  Pesticide  Survey  demonstrated  that  excessive  bioaccumula- 
tion is  not  occurring.  Results  from  Lake  Eufaula  specimens  for  the 
period  1967-73  ranged  from  0.1  to  0.3  mg/kg  wet  weight  for  DDT-related 
compounds  and  PCB's  and  were  10  times  lower  for  dieldrin  and  BHC 
(Table  37).  The  dieldrin  results  are  significant  because  this  compound 
frequently  exceeded  recommended  EPA  standards  for  aquatic  life  but  was 
not  accumulated  in  the  food  chain.  This  suggests  dieldrin  is  rapidly 
degraded  or  it  is  in  a form  that  is  unavailable  to  organisms.  Either  of 
these  possibilities  would  diminish  the  potential  problems  of  dieldrin 
residues  in  the  proposed  impoundment.  The  average  pesticide  concentra- 
tion in  fish  in  Lake  Eufaula,  which  is  fed  by  the  Deep  Fork  River,  is 

15  to  500  times  less  than  the  FDA  guideline  of  5.0  mg/kg,  depending  on 
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the  species  of  fish  and  the  particular  pesticide. 

339.  STP  effluent  diversion  may  have  an  additional  indirect  effect 

on  the  chlorinated  hydrocarbon  loading  of  the  Deep  Fork  River  at  Arcadia. 

The  diversion  will  reduce  the  flow  in  the  river,  which  may  reduce  the 

suspended  solids  carrying  capacity  and  scouring  of  the  bottom  deposits. 

Since  pesticide  residues  entering  water  are  frequently  tightly  bound  to 

soil  particles  and  residues  are  rapidly  incorporated  into  the  sediments, 

the  total  chlorinated  hydrocarbon  loading  at  Arcadia  could  be  expected 
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to  be  reduced  due  to  sewage  effluent  diversion. 

Clorinated  hydrocarbon 
pesticides  and  public  water  supply 

340.  Because  of  the  persistence,  bioaccumulat ive  properties,  and 
carcinogenic  potential  of  chlordane,  DDT,  dieldrin,  heptachlor,  and 
aldrin,  the  EPA  did  not  establish  numerical  limits  for  these  pesticides 
for  water  supply  but  recommended  minimum  human  exposure  to  these  con- 
stituents. An  extremely  conservative  interpretation  of  EPA's  recommenda- 
tion is  that  concentrations  of  these  pesticides  should  be  less  than 
detection  limits.  However,  each  of  these  pesticides  was  detected  at 
least  once  in  the  Deep  Fork  River  near  Arcadia. 

341.  Significantly,  the  EPA  has  suspended  the  production  and  use 
or  severely  restricted  the  use  of  each  of  these  pesticides.  Permissible 
uses  of  pesticides  that  were  not  totally  banned  include  termite  control, 
nursery  root  dips,  and  other  uses  in  which  washoff  and  subsequent  con- 
tamination of  waterways  are  minimized.  The  EPA  suspensions  and  restric- 
tions should  result  in  a gradual  decrease  in  concentrations  in  the 
environment . 

342.  The  pattern  of  occurrence,  as  well  as  the  magnitude  of  con- 
tamination from  restricted  pesticide  residuals  in  the  Arcadia  Lake 
watershed,  depends  upon  the  rates  of  pesticide  degradation  and  land  use 
activity.  Reported  degradation  times  defined  as  the  time  required  for 

75-percent  degradation  in  soils  varies  from  2 yr  for  heptachlor  and 

) , 

aldrin  to  5 yr  for  chlordane.  Land-use  activity,  especially  con- 
struction, substantially  increases  the  washoff  of  particulates  with 
adsorbed  contaminants  from  the  watershed. 
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343.  The  existing  data  do  not  permit  precise  quantification  of  the 
time  required  for  pesticide  residuals  to  degrade  to  below  detection 
limits  in  the  proposed  Arcadia  Lake  watershed.  However,  a conservative 
estimate  for  the  most  persistent  and  most  frequently  occurring  pesticide 
chlordane  may  be  made.  Assuming  watershed  soil  concentrations  equal  to 
measured  stream  sediment  concentrations,  no  losses  except  through  degra- 
dation at  a rate  reported  above,  and  a detection  limit  equal  to  0.1  pg/kg 
(one-tenth  of  the  chlordane  detection  limit  of  the  analytical  procedures 
used  in  this  study),  14  yr  would  be  required  for  chlordane  concentrations 
in  watershed  soils  to  decrease  to  below  detection  limits. 

344.  This  analysis  overestimates  the  persistence  of  chlordane  and 
provides  no  information  on  the  possible  ecological  effects  of  chlordane 
in  the  environment.  The  assumption  of  equal  concentrations  in  stream 
sediments  and  watershed  soils  results  in  an  overestimation  of  soil  con- 
centrations. Quantitative  relationships  between  soil  and  stream  sediment 
concentrations  are  not  known.  They  most  likely  depend  upon  land-use 
activity,  watershed  characteristics,  and  meteorological  conditions. 
Sediment  concentrations  are  expected  to  exceed  watershed  soil  concentra- 
tions because  the  stream  sediments  represent  an  accumulation  of  the  more 
easily  erodible  surface  soils.  The  assumption  of  degradation  as  the 
only  process  operating  to  decrease  residual  concentrations  likewise  re- 
sults in  an  overestimation  of  persistence.  Erosion  with  subsequent 
transport  out  of  the  system  represents  a significant  process  operating 

to  decrease  watershed  concentrations. 

345.  As  previously  discussed,  sediment  concentrations  provide  a 
poor  indication  of  possible  adverse  effects.  Adverse  ecological  effects 
are  dependent  upon  the  bioavailability  of  the  pesticide  while  concen- 
trations in  raw  water  supplies  are  dependent  upon  the  phase  distribution 
of  the  pesticide  and  particulate  sedimentation  characteristics  of  the 
impoundment.  A reasonable  interpretation  of  this  discussion  is  that  a 
ban  on  the  use  of  a pesticide  will  result  in  decreasing  environmental 
concentrations  and  that  if  chlordane  were  to  be  totally  banned,  residual 
concentrations  might  be  detected  in  sediment  sinks  for  approximately  a 
decade. 
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Fish  tissue  analysis 

346.  To  provide  a more  definitive  approach  to  the  assessment  of  the 
magnitude  of  organochlorine  pesticide  contamination  of  the  upper  Deep 
Fork  River,  fish  inhabiting  the  river  were  collected  and  their  flesh 
analyzed  for  pesticides.  A collection  of  fish  consisting  of  green  sun- 
fish,  orange  spotted  sunfish,  bluegill  sunfish,  and  black  bullhead 

was  obtained  by  TD  by  electrofishing  in  the  Deep  Fork  River  at  the 
proposed  impoundment  site.  The  samples  were  sent  to  NTSU  for  analysis. 
Whole-fish  samples  for  pesticide  analysis  were  ground,  digested,  ex- 
tracted, and  trace  organic  content  determined  by  gas  chromatography.  A 
report  prepared  by  NTSU  detailing  the  methods  of  sample  collection, 
preparation,  and  analysis  and  presentation  of  results  is  given  in 
Appendix  D. 

347.  The  estimates  of  the  population  mean  pesticide  concentrations 
for  dieldrin,  DDT,  and  heptachlor  epoxide  were  0.100,  0.013,  and 

1.23  mg/kg,  respectively  (Table  29).  Comparison  of  the  upper  99-percent 
confidence  limit  on  the  population  mean  for  these  pesticides  indicates 
that  the  population  mean  concentrations  of  dieldrin  and  DDT  were  less 
than  FDA  administrative  guidelines  while  heptachlor  epoxide  exceeded  the 
guideline.  No  known  limits  exist  for  lindane  and  chlordane  in  fish 


Pesticide 

Population 
Mean  Estimate 
mg  /kg 

99%  Upper 
Confidence 
Limit,  mg/kg 

FDA 

Administrative 

Guideline 

mg/kg 

Dieldrin 

0.100 

0.165 

0.3 

DDT 

0.013 

0.024 

5.0 

Heptachlor 

epoxide 

1.23 

2.11 

0.3 

tissue.  Concentrations  of  dieldrin,  DDT,  chlordane,  and  heptachlor 
epoxide  in  fish  inhabiting  the  Deep  Fork  River  near  Arcadia  are  expected 
to  decrease  because  of  recent  EPA  restrictions  on  the  use  of  these 
pesticides. 

348.  The  fish  flesh  analyses  are  considered  inconclusive  with 
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respect  to  heptachlor.  Gas  chromatographic  analyses  for  pesticides 
provide  a screening  methodology  that  indicates  possible  pesticide  con- 
tamination when  eluted  peaks  from  samples  have  similar  retention  times 
to  known  pesticide  standards.  The  lack  of  eluted  peaks  with  retention 
times  equal  to  that  of  known  pesticide  standards  does  conclusively  in- 
dicate pesticide  absence  or  concentrations  less  than  detection.  However, 
if  detectable  peaks  are  eluted  with  retention  times  equal  to  that  of 
known  pesticide  standards,  confirmation  of  the  identity  of  the  contami- 
nant requires  additional  analysis  such  as  mass  spectrometry.  The  con- 
clusion that  can  be  made  about  heptachlor  in  fish  tissue  is  that  hep- 
tachlor  epoxide  or  other  chemical  compounds  with  a similar  retention  time 
was  detected  in  the  tissues  of  fish  collected  in  the  Deep  Fork  River. 

349.  The  rare  occurrence  of  heptachlor  in  the  Deep  Fork  River, 
the  failure  to  detect  heptachlor  epoxide  in  Deep  Fork  water  samples, 
the  fact  that  the  EPA  has  banned  the  distribution  and  use  of  the  pesti- 
cide, and  the  observation  that  heptachlor  strongly  adsorbs  to  settling 
particulates  suggest  that  heptachlor  and  its  degradation  products  are 
not  expected  to  exceed  criteria  in  the  water  column  of  the  proposed  im- 
poundment. Significantly,  no  heptachlor  or  heptachlor  epoxide  were 
detected  in  Deep  Fork  River  sediments. 

350.  However,  because  of  the  measurement  of  heptachlor  epoxide  or 
other  chemical  compounds  with  a similar  retention  time  in  significant 
concentrations  in  the  fish,  it  is  recommended  that  additional  water, 
sediment,  and  fish  samples  be  analyzed.  If  heptachlor  or  heptachlor 
epoxide  were  again  detected  in  significant  concentrations,  confirmatory 
analysis  by  mass  spectrometry  should  be  conducted. 

351.  The  fish  species  collected  from  the  Deep  Fork  River  and  ana- 
lyzed for  pesticides  feed  predominantly  on  insects,  other  fish,  and 
crustaceans.  Thus  these  fish  are  positioned  in  a food  chain  whose  origin 
is  in  the  sediments  and  associated  particulate  materials.  Since  pesti- 
cides and  related  compounds  generally  exhibit  sorption  tendencies  with 
particulates,  the  evidence  suggests  that  concentrations  of  pesticides  lii 
fish  in  the  proposed  impoundment  would  be  less  than  observed  in  the  Deep 
Fork  River. 
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Mass-ba l ance  ca 1 c u la  t ions 


352.  Mass-balance  calculations  were  used  to  prepare  concentration 
duration  curves  of  pesticides  in  Arcadia  Lake.  Simulations  were  made 
assuming  (a)  conservative  behavior,  (b)  degradation,  and  (c)  degi  idation 
and  loss  to  sediments.  Assuming  conservative  behavior,  median  simulated 
impoundment  concentrations  of  DDT  and  chlordane  were  equal  or  greater 
than  average  measured  stream  concentrations  (Figures  7 and  8) . 

353.  Degradation  rates  for  the  pesticides  were  taken  from  a paper 
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by  Pionke  and  Chesters.  Persistence  time  was  defined  as  the  time  re- 
quired for  75-percent  chemical  degradation.  Transformation  of  persist- 
ence times  of  4 yr  for  DDT  and  5 yr  for  chlordane  provided  the  following 
daily  decay  rates: 

Decay  Rate 

DDT  9.4952  x 10-4  day-1 

Chlordane  7.5961  x 10-^  day~l 

354.  The  incorporation  of  decay  resulted  in  a decrease  of  the 
median  simulated  DDT  concentration  from  0.005  to  0.002  yg/£,  a 60-percent 
decrease.  Corresponding  decrease  for  chlordane  was  from  3 to  1 yg /£,, 

a 67-percent  decrease. 

355.  Simulations  were  conducted  assuming  30-  and  60-percent  losses 
to  sediments  in  addition  to  degradation.  Simulated  DDT  median  concen- 
trations were  <0.002  and  0.001  Dg/il  assuming  30-  and  60-percent  losses, 
respectively.  Respective  chlordane  concentrations  were  <1  and  0.82  pg/£. 

356.  Mass-balance  calculations  probably  do  not  provide  reliable 
quantitative  estimates  of  expected  concentrations.  The  simulations  do 
suggest  that,  using  the  assumptions  presented  previously,  sedimentation 
is  a significant  process  decreasing  water  column  concentrations  of 
pesticides . 


Summary 

357.  The  USGS  data  for  concentration  of  pesticides  in  the  Deep 
Fork  River  indicate  that  a majority  of  the  compounds  exist  at  levels 
below  the  limits  of  EPA  criteria.  In  addition,  data  from  sources  other 
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Figure  7.  (Concluded) 
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than  USGS  surveys  indicate  slightly  lower  concentrations.  However, 
average  DDT,  dieldrin,  chlordane,  and  lindane  concentrations  were  found 
to  equal  or  exceed  the  most  stringent  EPA  criteria. 

358.  Practically  all  major  uses  of  DDT  have  been  suspended;  most 
major  uses  of  aldrin  and  dieldrin  have  been  canceled;  the  production  and 
use  of  heptachlor  has  been  banned;  and  the  EPA  has  prohibited  many  of 
the  major  uses  of  chlordane.  The  result  of  these  regulations  will  be 
increased  control  over  pesticide  usage  by  limiting  application  to 
licensed  personnel. 

359.  Lindane,  a chlorinated  hydrocarbon  insecticide  whose  concen- 
trations generally  decreased  over  the  study  period,  degrades  at  a po- 
tentially significant  rate  into  lower  energy  a , g , and  6 forms, 
reducing  toxicity.  The  remaining  pesticides,  organophosphates  and 
phenoxy  herbicides,  degrade  rapidly  compared  to  the  organochlorine 
insecticides.  Rapid  degradation  and  sorption  onto  particulates  should 
significantly  reduce  concentrations  in  Arcadia  Lake  relative  to  tributary 
concentrations. 

360.  Limited  data  from  Lake  Eufaula,  which  is  fed  by  the  Deep 
Fork  River,  and  Lake  Thunderbird  indicate  that  no  long-term  accumulation 
of  chlorinated  hydrocarbon  insecticides  has  occurred  in  these  waters. 
Since  the  proposed  impoundment  will  be  subject  to  similar  meteorological 
conditions,  it  is  doubtful  that  high  evaporation  rates  will  result  in 
increased  pesticide  concentrations  in  the  impoundment. 

361.  Surveys  in  Oklahoma  indicate  that  bass  collected  in  the  Deep 
Fork  River  basin  generally  have  chlorinated  hydrocarbon  residues  of 
0.5  mg/kg  or  less,  which  is  lower  than  the  FDA  limit.  Since  bass  would 
be  considered  a top-predator  species,  this  would  suggest  that  (a)  sig- 
nificant bioaccumulation  of  pesticides  is  not  occurring  in  the  food  web, 
or  (b)  the  organisms  can  degrade  the  pesticides,  or  (c)  the  pesticides 
measured  in  the  water  are  not  in  a form  amenable  to  biologic  uptake.  It 
is  conceivable  that  the  small  measurable  residue  may  be  beneficial  to  the 
organisms  if  it  produces  a tolerance  that  is  genetically  transmitted  and 
the  residue  does  not  accumulate  to  levels  toxic  to  susceptible  fish- 
eating organisms. 
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362.  It  is  doubtful  that  the  pesticide  levels  under  consideration 
would  be  a direct  hazard  to  the  general  public.  Chesters  and  Konrad 
have  reported  that  no  evidence  exists  demonstrating  that  long-term  con- 
sumption of  water  with  low  pesticide  levels  has  created  a public  health 
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hazard . 

363.  A review  of  the  technical  literature  suggests  that  sorption 
and  bioaccumulation  are  the  dominant  aspects  of  the  water  chemistry  of 
pesticides.  Both  of  these  reactions  tend  to  remove  pesticides  from  the 
water  and  increase  the  rate  of  degradation.  This  has  the  general  effect 
of  reducing  the  biological  availability  and  toxicity  of  chlorinated 
hydrocarbon  residues. 

364.  Pesticide  residues  are  apparently  not  an  acute  problem  in 
the  Deep  Fork  River  at  this  time  and  a review  of  the  literature  would 
suggest  that  present  conditions  would  not  cause  long-term  chronic 
problems. 

365.  Because  heptachlor  epoxide  or  other  chemical  compounds  with 
a similar  retention  time  were  measured  in  significant  concentrations  in 
fish,  it  is  recommended  that  additional  water,  sediment,  and  fish  samples 
be  analyzed.  If  heptachlor  or  heptachlor  epoxide  are  again  detected  in 
significant  concentrations,  confirmatory  analysis  by  mass  spectrometry 
should  be  conducted. 


PART  IX:  OTHER  WATER-QUALITY  PARAMETERS 


366.  Phenols,  TDS,  and  coliform  bacteria  were  identified  as  possi- 
ble water-quality  problems  in  the  proposed  impoundment.  These  parameters 
cannot  be  conveniently  classified  into  the  generic  classes  of  nutrients, 
metals,  or  pesticides  and  thus  are  discussed  separately. 

Phenols 

367.  The  average  of  phenol  concentrations  measured  over  the  period 
1969-74  was  5 pg /l  (Table  38).  Concentrations  in  39  samples  ranged  from 
0 to  22  pg/il  with  74  percent  of  the  sample  values  exceeding  the  most 
stringent  criterion  of  1 pg /£,  which  was  established  based  on  taste  and 
odor  considerations. 

368.  Average  phenol  concentration  measured  in  the  final  effluent 
of  the  Northside  STP  was  13.3  pg/il,  considerably  greater  than  most 
measured  instream  concentrations  near  Arcadia.  The  calculated  effect 
of  STP  diversion  would  be  to  reduce  phenol  concentrations  20  percent 
and  decrease  loadings  40  percent. 

369.  Phenol  concentrations  in  Arcadia  Lake  are  expected  to  be 

much  lower  than  predicted  stream  concentrations.  Phenol  is  a very  labile 
compound  in  natural  waters  with  reported  persistence  times  varying  be- 
tween 2 to  8 days.^^ 

370.  Mass-balance  calculations  were  used  to  develop  daily  concen- 
tration duration  curves  (Figure  9 ) . Median  simulated  phenol  concen- 
tration assuming  conservative  behavior  was  3 pg/il,  which  is  25  percent 
less  than  predicted  stream  concentrations. 

3/1.  Assuming  a persistence  time  of  8 days  for  99-percent  decay, 
the  daily  decay  rate  of  phenol  was  0.5756.  The  incorporation  of  this 
value  into  the  daily  simulations  resulted  in  a decrease  of  the  median 
concentration  to  zero  (Figure  9 ).  Although  the  mass-balance  calcula- 
tions may  not  provide  a precise  quantitative  estimate  of  expected  con- 
centrations, the  simulation  does  demonstrate  the  significance  of  decay 
on  phenol  concentrations.  Examination  of  phenol  concentration  data 


138 


"pERCENt°OF  II"E  CONCEPT  RAT  ION  HAS  EQUALLED  OR  EKCEEOEO 


Figure  9 . Phenol  duration  curves  based  on 
daily  concentrations 


' % 


collected  at  Lakes  Eufaula  and  Thunderbird  demonstrates  a reduction  in 
phenol  with  impoundment  (Table  A4) . 


Total  Dissolved  Solids 


372.  Average  TDS  concentration  over  the  1969-74  study  period  was 
794  mg/8  (Table  10);  concentrations  varied  from  184  to  1140  mg/8,.  The 
most  stringent  TDS  criterion,  500  mg/8,  for  public  water  supplies,  was 
established  primarily  because  of  objectionable  physiological  effects, 
mineral  taste,  or  economics  of  treatment. 

373.  Calculations  indicate  that  diversion  of  the  sewage  treatment 
effluent  below  Arcadia  will  result  in  less  than  a 1-percent  reduction 
in  stream  concentrations  and  a 42-percent  reduction  in  loadings 
(Table  10). 

374.  The  predicted  792  mg/8  TDS  concentration  in  the  Deep  Fork 
River  after  impoundment  exceeds  the  most  stringent  criterion,  but  it  is 
less  than  present  Oklahoma  standards.  Oklahoma's  standards  explicitly 
provide  an  allowance  for  high  natural  background  levels  for  this  con- 
stituent. Mass-balance  calculations  resulted  in  an  expected  median  con- 
centration equal  to  the  average  predicted  tributary  concentration 
(Figure  10).  TDS  concentrations  in  the  impoundment  are  expected  to  be- 
have conservatively. 


Coliform  Bacteria 


375.  Two  total  coliform  and  three  fecal  coliform  sample  values 
measured  near  Arcadia  by  the  USGS  were  available  prior  to  the  initiation 
of  this  study.  Total  coliforms  averaged  64,000/100  ml,  while  fecal 
coliforms  averaged  44,000/100  ml.  Although  these  values  are  reasonable 
for  urban  drainage,  additional  sampling  was  initiated  by  the  TD  to 
characterize  the  distribution  of  coliform  numbers.  The  Oklahoma  State 
Health  Department  collected  duplicate  samples  of  water  from  the  Deep 
Fork  River  near  Arcadia  and  the  final  effluent  of  the  Northside  STP  and 
analyzed  them  for  both  total  and  fecal  coliforms.  The  sampling  was 
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conducted  weekly  from  29  March  through  1 June  1976. 

376.  Total  coliform  and  fecal  coliform  bacterial  numbers  measured 

in  the  final  effluent  of  the  Northside  STP  were  3,400,000/100  ml  and 

330,000/100  ml,  respectively.  Corresponding  measurements  in  the  Deep 

Fork  River  were  200,000/100  ml  and  34,000/100  ml,  respectively  (Table  39). 

These  data  suggest  that  the  STP  is  a significant  source  of  bacteria. 

However,  coliform  numbers  measured  near  Arcadia  are  of  a similar  mag- 

29 

nitude  to  those  measured  in  urban  runoff  for  Tulsa,  Oklahoma. 

377.  Coliform  bacteria  rapidly  die  when  isolated  from  their  source. 
Reported  coliform  decay  rates  vary  from  0.5  to  2.46  per  day.  Using  the 
WQRRS  ecological  model  and  a decay  rate  of  1.4  per  day,  it  was  estimated 
that  sources  contributing  16,000  to  1,150,000  coliforms  per  100  ml  would 
not  produce  coliform  concentrations  in  the  proposed  impoundment  that 
exceeded  standards  for  primary  contact  recreation.  However,  the  WQRRS 
model  assumes  homogeneously  mixed  horizontal  layers  of  water,  which 
would  not  occur  in  the  proposed  impoundment.  Based  on  this  characteris- 
tic nonhomogeneity  and  observations  of  the  coliform  distribution  in 
Lakes  Eufaula  and  Thunderbird,  the  conclusions  are  that  coliform  concen- 
trations in  the  upper  reaches  of  the  reservoir  would  exceed  primary 
contact  recreational  standards,  but  waters  near  the  dam  would  be  suita- 
ble for  primary  body  contact  recreation  with  the  possible  exception  of 
short  periods  following  major  storm  events.  Selection  of  recreational 
areas  should  reflect  the  expected  distribution  of  coliform  bacteria,  and 
routine  bacteriological  monitoring  should  be  conducted  to  detect  possi- 
ble bacterial  contamination  of  recreational  areas. 

378.  Examination  of  fecal  coliform  and  fecal  streptococcus  data 
collected  on  Lakes  Thunderbird  and  Eufaula  demonstrates  a rapid  de- 
crease in  bacterial  numbers  along  the  length  of  the  impoundments 
(Table  A4). 
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PART  X:  CONCLUSIONS  AND  RECOMMENDATIONS 


379.  Based  on  the  results  of  several  study  approaches,  the  fol- 
lowing conclusions  concerning  the  water  quality  in  the  proposed  Arcadia 
Lake  are  considered  justified. 


Critical  Parameters 


380.  A comparison  of  average  values  for  70  parameters  from  previous 
studies  with  the  most  stringent  standard  or  criterion  indicated  that 

12  water-quality  parameters  in  the  Deep  Fork  River  equaled  or  exceeded 
the  permissible  or  recommended  levels.  These  parameters  were  ammonia, 
manganese,  mercury,  DDT,  aldrin,  dieldrin,  chlordane,  heptachlor,  lindane, 
PCB,  phenols,  and  fecal  coliforms.  Only  three  parameters  in  this  list, 
coliform  bacteria,  ammonia,  and  manganese,  exceeded  present  Oklahoma 
standards  applicable  to  the  use  classification  of  the  Deep  Fork  River  or 
proposed  reservoir  uses.  Ammonia  would  not  be  expected  to  reach  toxic 
concentrations  in  the  epilimnion  of  Arcadia  Lake  or  to  interfere  with 
project  purposes  because  of  oxidation  to  nitrate. 

Temperature  and  DO 

381.  Modeling  efforts  suggested  that  the  reservoir  would  be  weacly 
stratified  from  mid  to  late  spring  through  late  summer  or  early  autumn. 

A selective  withdrawal  structure  would  be  required  for  the  proposed 
project  for  water-quality  management  purposes.  Arcadia  Lake  release 
temperatures  from  a selective  withdrawal  structure  would  be  adequate  to 
meet  the  annual  variation  of  natural  stream  temperatures  downstream. 

The  hypolimnion  would  become  anoxic  during  various  periods  of  stratifica- 
tion. However,  DO  concentrations  in  releases  should  be  satisfactory 
because  of  expected  80-  to  90-percent  reaeration  as  the  water  passes 
through  the  outlet  works  into  the  stilling  basin. 

Nutrients  and  Eutrophication  Potential 

382.  Nutrients  are  abundant  in  the  Deep  Fork  River  with  average 
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concentrations  of  4.0  to  5.5  mg  P/£  and  7.0  to  12.0  mg  N/L  depending 
on  the  method  of  sample  collection.  Sewage  treatment  plant  effluent 
diversion  would  reduce  phosphorus  loadings  2 to  26  percent  and  nitrogen 
loadings  28  to  54  percent  depending  on  the  data  source  used  in  calcula- 
tions . 

383.  An  evaluation  of  nitrogen  and  phosphorus  in  the  Deep  Fork 
River  based  on  concentrations  and  loading  analyses  suggested  that  the 
proposed  impoundment  would  be  eutrophic.  Bioassay  results  suggested 
that  all  the  available  nutrients  in  the  Deep  Fork  River  were  apparently 
not  being  used  because  of  light  limitation.  The  mathematical  model 
simulations  also  suggested  that  the  algal  response  in  the  proposed  im- 
poundment would  be  insensitive  to  nutrient  fluctuations. 

384.  A nutrient  availability  study  indicated  that  available  phos- 
phorus and  nitrogen  concentrations  at  Arcadia  are  0.3  mg  P/L  and 

5.0  mg  N/£,  respectively.  This  suggests  that  available  nutrients  are 
much  lower  than  average  phosphorus  and  nitrogen  concentrations,  4.0  to 
5.5  mg  P/L  and  7.0  to  12.0  mg  N/£,  at  Arcadia.  The  availability  study 
also  indicated  lower  available  nutrient  concentrations  in  Lake  Eufaula 
relative  to  the  Deep  Fork  tributary  and  in  Lake  Thunderbird  relative  to 
the  Little  River  tributary.  It  can  thus  be  anticipated  that  nutrient 
concentrations  in  the  proposed  impoundment  would  be  lower  than  histori- 
cal data  for  the  Deep  Fork  River  at  Arcadia.  However,  nutrient  concen- 
trations would  not  be  sufficiently  low  to  limit  algal  growth. 

385.  Nutrient  spiking  results  indicate  that  the  relative  abundance 
of  nitrogen  and  phosphorus  would  be  affected  by  impoundment  of  the  Deep 
Fork  River  and  sewage  effluent  diversion.  At  present  nitrogen  concen- 
trations are  lowest  relative  to  need  at  Arcadia,  but  phosphorus  con- 
centrations are  lowest  relative  to  need  above  the  Northside  STP. 

386.  Mathematical  model  simulations  suggest  that  occasional  nui-  j 

sance  algal  blooms  would  be  expected  after  impoundment.  However,  the 

algal  population  changes  in  model  simulations  were  controlled  by  the 
degree  of  light  penetration  and  water  temperature  rather  than  nitrogen 
or  phosphorus  concentrations.  This  is  in  good  agreement  with  the  3 

bioassay  results. 
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387.  Algal  blooms  in  Arcadia  Lake  would  not  be  expected  to  be 
significantly  different  in  frequency  or  intensity  than  cause  occurring 
in  surrounding  eutrophic  waters.  Future  land-use  changes  would  not  be 
expected  to  affect  lake  eutrophication  since  light  rather  than  nutrients 
would  be  the  limiting  factor.  Based  on  a limited  evaluation,  it  does 
not  appear  feasible  to  reduce  the  eutrophication  potential  of  Arcadia 
Lake  significantly  by  either  watershed  or  existing  in- lake  management 
techniques. 


Metals 


388.  Manganese  concentrations,  and  occasionally  iron  concentra- 
tions, can  be  expected  to  exceed  drinking  water  standards,  particularly 
in  the  hypolimnion  and  headwaters  of  the  proposed  impoundment.  Iron  and 
manganese  would  be  less  likely  to  exceed  standards  in  the  epilimnion 
near  the  dam.  The  selective  withdrawal  capability  of  the  proposed 
project  would  enable  project  operation  to  minimize  iron  and  manganese 
concentrations  in  water  supply  withdrawals  and  downstream  releases. 
Furthermore,  excessive  iron  and  manganese  would  not  be  a problem  in 
finished  water  supplies  if  the  potential  problem  is  recognized  j.n  the 
design  of  the  water  treatment  plant.  It  should  be  pointed  out  that  the 
standards  for  iron  and  manganese  are  based  on  aesthetics.  Toxic  con- 
ditions would  not  be  expected. 

389.  Earlier  studies  of  the  Deep  Fork  River  concluded  that  lead 
would  be  a water-quality  problem  in  the  proposed  impoundment.  This 
conclusion  was  based  on  a technically  invalid  comparison  of  total  lead 
concentrations  with  standards  derived  from  studies  using  dissolved  lead. 

A comparison  using  dissolved  lead  concentrations  indicated  that  soluble 
lead  in  the  Deep  Fork  River  is  10  times  lower  than  the  standard  for 
water  supply  and  the  protection  of  freshwater  aquatic  life.  It  was  con- 
cluded that  lead  would  not  be  a water-quality  problem  in  the  proposed 
impoundment  at  Arcadia.  Analysis  of  fish  flesh  content  of  lead  sub- 
stantiated this  conclusion. 

390.  The  average  mercury  concentration  of  73  water  samples  analyzed 
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between  1971  and  1976  is  0.2  pg/£.  This  value  is  10  times  lower  than 
recommended  limits  for  public  water  supply.  It  is  further  anticipated 
that  mercury  concentrations  in  the  proposed  impoundment  would  decrease 
relative  to  input  in  much  the  same  way  that  trace  metal  concentrations 
in  surrounding  impoundments  are  less  than  their  respective  input  concen- 
trations. These  data  indicate  that  excessive  mercury  concentrations 
would  not  interfere  with  water  supply  purposes  of  the  proposed  im- 
poundment. Mercury  concentration  in  fish  collected  i;.  the  Deep  Fork 
River  near  Arcadia  was  less  than  FDA  limits  for  food  source  and  EPA 
limits  for  the  protection  of  freshwater  aquatic  life.  Because  the  food 
chain  of  the  fishes  that  were  examined  originates  in  the  sediments  and 
associated  particulates,  concentration  of  mercury  in  fish  in  the  impound- 
ment is  expected  to  be  less  than  values  measured  in  fish  in  the  stream 
prior  to  impoundment. 


Pesticides  and  PCB 

•4 

391.  Using  USGS  data  from  the  Arcadia  gaging  station,  DDT, 

4)  f | 

dieldrin,  aldrin,  chlordane,  heptachlor,  lindane,  ^and  PCB  were  found  to 
exceed  the  most  stringent  EPA  criteria  for  the  protection  of  freshwater 
aquatic  life.  Data  from  other  sources  suggest  that  pesticide  contamina- 
tion is  restricted  to  the  upper  Deep  Fork  River. 

392.  Average  yearly  lindane  concentrations  have  been  decreasing, 
which  should  lessen  the  concern  for  this  parameter.  Also,  recent  action 
by  EPA  to  restrict  the  use  of  DDT,  dieldrin,  aldrin,  heptachlor,  PCB, 
and  chlordane  should  also  lessen  the  potential  problems  associated  with 
these  materials.  A comparison  of  fish-flesh  concentrations  of  pesticides 
in  fish  collected  in  the  Deep  Fork  River  near  Arcadia  revealed  that 
measured  concentrations  of  DDT  and  dieldrin  were  less  than  published 
numerical  FDA  limits  while  heptachlor  epoxide  exceeded  the  guideline. 

No  limits  for  chlordane  and  lindane  in  fish  tissue  are  known  to  exist. 
Concentrations  of  pesticides  in  reservoir  fish  following  impoundment  are 
expected  to  be  less  than  those  observed  in  the  Deep  Fork  River. 

393.  Heptachlor  epoxide  concentrations  in  fish  exceeded  FDA 
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administrative  guidelines.  However,  the  rare  occurrence  of  heptachlor, 
the  failure  to  detect  heptachlor  epoxide  in  Deep  Fork  River  water,  the 
failure  to  detect  heptachlor  or  heptachlor  epoxide  in  river  sediments, 
and  the  fact  that  the  EPA  has  banned  the  distribution  and  use  of  the 
pesticide  suggest  that  heptachlor  and  its  degradation  products  are  not 
expected  to  exceed  criteria  in  the  proposed  impoundment. 

394.  Because  heptachlor  epoxide  or  other  chemical  compounds  with  a 
similar  retention  time  were  measured  in  significant  concentrations  in 
fish,  it  is  recommended  that  additional  water,  sediment,  and  fish  samples 
be  analyzed.  If  heptachlor  or  heptachlor  epoxide  are  again  detected  in 
significant  concentrations,  conf irmatory  analysis  by  mass  spectrometry 
should  be  conducted. 

Other  Parameters 

395.  Based  on  an  analysis  of  Deep  Fork  River  data,  phenols,  TDS, 
and  coliform  bacteria  are  potential  problems  in  the  proposed  impoundment. 
Phenol  concentrations  should  decrease  due  to  sewage  plant  effluent  di- 
version and  decay,  but  at  times  phenol  concentrations  in  the  reservoir's 
headwaters  might  still  exceed  the  most  stringent  standard.  TDS  would 
exceed  desirable  criteria  but  would  still  meet  acceptable  standards. 
Concentrations  of  coliform  bacteria  in  the  headwaters  of  the  impoundment 
would  exceed  primary  contact  recreational  standards,  but  waters  in  the 
lower  two-thirds  of  the  impoundment  should  be  suitable  for  primary  body 
contact  recreation.  Selection  of  recreational  areas  should  reflect  the 
expected  distribution  of  coliform  bacteria  and  be  restricted  to  the 
lower  one-half  of  the  impoundment  for  safety  reasons.  Routine  bacterio- 
logical monitoring  should  be  conducted  to  detect  possible  bacterial 
contamination  of  recreational  bathing  areas. 

396.  An  evaluation  of  all  water-quality  data  for  the  Deep  Fork 
River  suggested  that  toxicological  problems  would  not  be  expected  in  the 
proposed  Arcadia  impoundment.  Iron,  manganese,  phenol,  and  TDS  pres- 
ently exceed  criteria  established  on  aesthetics  (possible  staining,  odor, 
and  taste).  Also,  nutrient  levels  would  be  high  enough  to  support  algal 
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blooms  during  times  when  sufficient  light  is  available.  Because  of  the 
marginal  acceptability  of  these  constituents,  it  is  recommended  that 
sampling  of  water-quality  constituents  be  continued  in  the  Deep  Fork 
River  near  the  proposed  damsite.  Continued  sampling  of  inflows  and  in- 
lake conditions  would  permit  evaluation  of  reductions  in  contaminant 
loadings  due  to  municipal  and  industrial  effluent  diversions  and  would 
provide  the  data  base  for  operation  of  the  proposed  project  using  model 
evaluations  of  various  management  strategies. 
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Total-U  = ENH^-N , NO^-N , HO  -K. 

Value  used  is  average  NH^-organic-II . 
Total-N  = EN0o-H , NO  -N,  HH, -organic-! 


Composite  samples  for  ”total-N"  and  "total-P04,"  k/month. 
Sampling  more  frequent,  data  summarized  monthly. 
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Table  6 

Water-Quality  Pat  atnet  i-rs  Me.-tsureQ  In  t tie  Deep  Fork  River  Who->t  Maximum  Value  Kqua  ] s 

27 

t - teds  i*ne-leiit>»  >>t  the  Must  Stringent  Crlt.rii  * : . ■ :« r ■ - 


Most  Stringent 
> riterion  or  Standard 

No.  of 

Mean 

Sample 

Standard 

Range 

Percent 

of 

Samples 
Exceeding 
Criterion  or 

Parameter 

Value 

Source* 

Samples 

Value 

Deviat Ion 

Maximum 

Minimum 

r.tndard 

Nutrients 

Nitrate  (NO^-N) 

(rag/ *) 
10.0 

c 

44 

(rag/*) 

1.0 

(mg/*) 

2.6 

(mg/*) 

14.0 

(»g/*) 

0.04 

4 

Nitrite  (N02-N) 

1.0 

c 

44 

0.28 

0.36 

1.9 

0.0 

4 

Ammonia  (NH;-N) 
4 

0.02 

b 

1 

13.0 

-- 

13.0 

13.0 

100 

Metals 

Arsenic  (As) 

(Ug/K) 

50 

c 

2 

<ug/£) 

22 

(ug/t) 

3 

(Ug/D 

24 

(Ug/*) 

22 

0 

Barium  (Ba) 

1000 

c 

6 

275 

105 

400 

160 

0 

Cadmium  tCd) 

10 

c 

28 

1 

2 

8 

0 

0 

Chromium  (Cr) 

50 

c 

26 

2 

6 

30 

0 

0 

Iron  (Fe) 

300 

c 

26 

285 

731 

3,800 

0 

15 

Lead  (Pb) 

50 

c 

25 

4 

4 

14 

0 

0 

Manganese  (Mn) 

50 

c 

26 

399 

242 

1,100 

30 

96 

Mercury  (Hg) 

0.05 

b 

8 

1.1 

1.0 

2.6 

0 

75 

Pesticides  and  PCB 
Aldrin 

(us/l) 

** 

c 

64 

(ug/*) 

0.002 

(Ug/*) 

0.008 

(ug/4) 

0.05 

(ug/£) 

0.0 

5 

DDT 

** 

c 

64 

0.006 

0.012 

0.06 

0.0 

30 

Dieldrln 

Ik* 

c 

64 

0.038 

0.027 

0.13 

0.0 

95 

Chlordane 

** 

c 

65 

0.15 

0.32 

1.7 

0.0 

52 

F.ndrin 

0.004 

b 

64 

0.0003 

0.0025 

0.02 

0.0 

2 

Heptachlor 

** 

c 

63 

0.002 

0.01 

0.08 

0.0 

3 

Lindane 

0.1 

b 

64 

0.07 

0.37 

3.0 

0.0 

38 

Malathion 

0.1 

b 

37 

0.005 

0.017 

0.09 

0.0 

14 

PCB 

0.001 

b 

28 

0.003 

0.019 

0.1 

0.0 

4 

ther  Water-Quality  Parameters 
Chloride  (Cl2) 

(mg /*) 
250.0 

c 

308 

(mg/ 8.) 

177.0 

(mg/*) 

84.0 

(mg/*) 

400.0 

(mg/*) 

12.0 

17 

Total  dissolved  solids  (TDS) 

949 

a 

306 

676.0 

239.0 

1140.0 

184.0 

72 

Phenols 

0.001 

c 

39 

0.005 

0.006 

0.022 

0.0 

74 

Sulfatus  (S04) 

162.0 

a 

308 

112.0 

43.0 

180.0 

16.0 

6 

Fecal  coliforms 

200/100  ml 

a,d 

3 

44,000 

69,000 

123,000 

3,000 

100 

1*  Source  of  criterion  or  standard  indicated  as  follows: 

a - Oklahoma's  Water  Quality  Standards^ 

EPA'a  Quality  Criteria  for  Water:& 
b - Freshwater  Aquatic  Life 

Ic  - Public  Water  Supply 

d - Recreational  Waters 

**N  numerical  standard.  Reference  6 recommends  "minimum  exposure." 
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Table  7 


Relationship  Between  Composite  Interval  Length 


and  Phosphorus  Concentration 


27 


Interval 

Number 

Length 

of 

Mean 

days 

Observations 

mg/  f- 

1 

56 

2.3 

2 

29 

2.5 

3 

21 

4.0 

4 

17 

4.5 

5 

11 

4.6 

6 

9 

4.2 

7 

6 

5.1 

8 

7 

4.4 

9 

8 

5.6 

10 

28 

6.2 

11 

14 

6.3 

12 

3 

4.8 

13 

3 

5.4 

14 

2 

5.0 

15 

4 

7.5 

16 

1 

5.2 

17 

0 

— 

18 

0 

— 

19 

1 

6. 6 

20 

1 

1.3 

Grand  Mean 

= 4.1 

Notes 

Table  based  on  all  composite  samples 
collected  between  October  1969  and 
May  1974  (a  total  of  221  observations). 
The  period  of  record  extended  from 
October  1969  through  September  1974 
for  a total  of  241  observations. 


Table  8 

Annual  Loadings  and  Average  Phosphorus 
Concentrations  at  Arcadia,  1969-7^8 


Water 

Year* 

Grab  Sampl 

es 

Composite  Samples 

Concentration 

mg/i. 

Loading 
103  kg 

Concentration 
mg/ £ 

Loading 
103  kg 

1969-70 

6. It 

300 

— 

— 

1970-71 

5-5 

200 

6.2 

280 

1971-72 

6.0 

210 

5.2 

130 

1972-73 

/ 

It. 6 

320 

it. 5 

280 

1973-7^ 

It. 8 

280 

it . 0 

250 

* Water  year  refers  to  the  USGS  system  of  records  where- 
in a water  year  covers  the  period  from  1 October  of  one 
year  to  30  September  of  the  following  year. 
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Table  11 

■tel -tt . >ns h i p between  Composite  Interval 
length  and  Nitrogen  'oncentration^  ' 


al  Length 

Number  of 

Mean 

days 

Observations 

mg/  i 

1 

77 

4.0 

2 

37 

6.1 

3 

22 

6.9 

1+ 

19 

7-0 

5 

13 

6.8 

6 

12 

8.1 

7 

6 

7.0 

8 

9 

10.1 

9 

11 

8.8 

10 

36 

10.6 

11 

19 

10.0 

12 

1+ 

9.9 

13 

4 

9.1 

14 

4 

11.7 

15 

8 

12.7 

16 

1 

4.3 

17 

1 

10.4 

18 

0 

— 

19 

1 

10.0 

20 

*1 

3.4 

Grand  Mean  = 7-2  mg/£ 


Note:  Table  based  on  all  composite  samples  col- 

lected between  October  1969  and  May  1974  (a 
total  of  285  observations).  The  period  of 
record  extends  from  October  1969  through  Sep- 
tember 1974  for  a total  of  308  observations. 


Table  12 


Table  13 


Domestic  sewage  contribution  will  be  diverted  below  impoundment. 
Projected  population  for  Year  2000.  2 
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rus  Loadin/zs  Calculated 


Loadings  based  on  1969-7 *+  USCS  samples. 


Table  IT 

Summary  of  Parameters,  Models,  and  Selected  Statistics  for  Which 
Discharge-Concentration  Relations  Were  Found 


Parameter 

Model 

Selected 

Coefficient 

of 

Determina- 

tion 

R2 

Intercept 

a 

Slope 

b 

Total-N  (composite 
samples) 

I 

0.0890 

2.18529 

1.99736* 

Total-P  (composite 
samples ) 

I 

0.3278 

2.82582 

3.00407* 

TDS 

I 

0.1008 

474.661*05 

87.67761* 

NH^-Qrg-N 

I 

0.1520 

7.119187 

2.71444* 

Total-P 

I 

0.5784 

0.41797 

4.34824* 

Mn 

II 

0.2892 

4.80644 

c. 85757* 

Phenols 

III 

0.2091 

0.98923 

-0.41016* 

Chlordane 

IV 

0.1371 

0.06398 

0.10069* 

DDT 

V 

0.0887 

0.00092 

0.00982* 

Table  l8 

Experimental  Setup  for  Arcadia  Nutrient  Availability  Stud; 


Sample* Additions 

Sample  Conditions 


Selenastrum 

inoculum 


Filtered  water  sample 


None 

0.37  mg  PO^-P 
None 

b.2  mg  NO3-N 
it. 2 mg  NH3-N 


P-deficient 

P-deficient 

N-deficient 

N-deficient 

N-deficient 


Standards 


AAP-P  medium 


AAP-N  medium 


None 

0.37  mg  PO^-P 
0. 7b  mg  PO^-P 
1.12  mg  PO^-P 

None 

it. 2 mg  NOj-N 
8. U mg  NO3-N 
16.8  mg  NO3-N 
it. 2 mg  NH3-N 
8. U mg  NH3-N 
16.8  mg  NH3-N 


P-deficient 

P-deficient 

P-deficient 

P-deficient 

N-deficient 

N-deficient 

N-deficient 

N-deficient 

N-deficient 

N-deficient 

N-deficient 


Table  20 

Phosphorus  Availability  Results* 


Standard  Cultures 


Phosphorus  concentration: 


Test  duration,  days 

2 

6 

13 

0.0  mg  PO^-P/S 

0.5 

3.4 

2.4 

0.46  mg  P0,(-P/S 

3.6 

5.8 

6.1 

0.92  mg  PO^-P/S 

3.6 

5.7 

6.2 

1.85  mg  PO^-P/S 

3.6 

5-8 

6.2 

Sampl 

e Cultures 

Available 

Phosphorus 

Conditions : 

Test  duration,  days 

3 

7 

l4 

Eastern 

4.1 

3.7 

3.1 

0.09 

mg/S 

Eastern  + 0.37  mg  PO^-P 

4.3 

3.8 

3.1 

0.09 

mg/ S 

Test  duration,  days 

4 

8 

15 

Arcadia 

3.7 

4.4 

4.8 

0.30 

mg/ S 

Arcadia  + 0.37  mg  P0^-P 

3.5 

4.4 

6.1 

0.46 

mg/S. 

Test  duration,  days 

3 

7 

1 

l4 

Eufaula 

4.2 

4.4 

4.1 

0.21 

mg/S 

Eufaula  + 0.37  mg  P0^-P 

4.2 

4.6 

4.4 

0.25 

mg/S 

Test  duration,  days 

4 

8 

15 

Little  River 

4.2 

5.1 

4.3 

0.24 

mg/S 

Little  River  + 0.37  mg  P0^-P 

4.7 

4.9 

4.0 

0.20 

mg/ S 

Test  duration,  days 

5 

_2_ 

1 6 

Thunderbird 

3.7 

3.8 

3.2 

0.10 

mg/S 

Thunderbird  + 0.37  mg  P0^-P 

4.4 

4.2 

4.0 

0.20 

mg/S 

* Response  is  reported  as  log  (counts  per  minute)  of  carbon-l4  incor- 
porated by  algae  during  4-hr  incubation  period. 


Table  21 


Nitrate-Nitrogen  Availability  Results* 


Standard  Cultures 

Nitrate-nitrogen 

concentration: 

Test  duration,  days 

2 

9 

12 

0.0  mg  N0~-N/Jl 

3.1 

2.9 

2.6 

5.2  mg  N0“-N/£ 

4.0 

9-9 

9.9 

10.5  mg  N0~-N/t 

3.9 

9.7 

6.1 

21.0  mg  N0“-N/Jt 

4.0 

9-7 

6.0 

Sample  Cultures 

Available 

Nitrogen 

Conditions : 

Test  duration,  days 

3 

7 

14 

Eastern 

4.0 

3.9 

3.0 

0.6 

Eastern  + 4.2  mg  NO^-N 

4.2 

4.2 

3.6 

1.6 

Test  duration,  days 

4 

8 

13 

Arcadia 

3.8 

4.6 

6.3 

>3.2 

Arcadia  + 4.2  mg  NO^-N 

4.1 

4.6 

6.4 

>3.2 

Test  duration,  days 

3 

7 

l4_ 

Eufaula 

4.2 

4.6 

4.2 

2.3 

Eufaula  + 4.2  mg  NO^-N 

4.1 

4.3 

4.0 

2.2 

Test  duration,  days 

4 

8 

13 

Little  River 

4.5 

4.8 

4.1 

2.4 

Little  River 
+ 4.2  mg  N0~-N 

4.7 

9.4 

4.3 

2.7 

Test  duration,  days 

9 

9 

16 

Thunderbird 

4.0 

3.8 

3.6 

1.6 

Thunder bird 

+ 4.2  mg  N0~-N 

3.7 

3.6 

3.4 

1.3 

* 


Response  is  reported  as  log  (counts  per  minute)  carbon-l4  incor- 
porated by  algae  during  4-hr  incubation  period. 


Table  22 

Ammonia-Nitrogen  Availability  Results* 


Standard  Cultures 

Ammonia-ni trogen 
concentration: 


Test  duration,  days 

2 

6 

12 

0.0  mg  NH  -N/X. 

3.1 

2.9 

2.6 

5.2  mg  NH  -N/A 

3.7 

6.0 

6.5 

10.5  mg  NH 3~N/i 

3.6 

6.2 

6.7 

21.0  mg  NH3-N/£ 

3.7 

6.2 

6.6 

Sample  Cultures 


Available 

Nitrogen 


Conditions : 


Test  duration,  days 

3 

7 

14 

Eastern 

4.0 

3.5 

3.0 

0.5 

Eastern  + 4.2  mg  NH3~N 

4.1 

4.1 

3.6 

1.3 

Test  duration,  days 

k 

8 

15 

Arcadia 

3.8 

4.6 

6.3 

4.9 

Arcadia  + 4.2  mg  NH3~N 

5.4 

5.6 

6.1 

4.7 

Test  duration,  days 

3 

7 

14 

Eufaula 

4.2 

4.6 

4.2 

2.1 

Eufaula  + k.2  mg  NH3~N 

4.2 

4.5 

3.9 

1.7 

Test  duration,  days 

4 

8 

15 

Little  River 

4.5 

CD 

4.1 

2.0 

Little  River  + k.2  mg  NH3~N 

4.5 

5.5 

4.5 

2.5 

Test  duration,  days 

5 

1 6 

Thunderbird 

4.0 

3.8 

3.6 

1.3 

Thunderbird  + k.2  mg  NH3~N 

3.8 

3.4 

3.6 

1.3 

Response  is  reported  as  log 
porated  by  algae  during  4-hr 

(counts  per 
incubation 

minute) 

period. 

carbon-l4 

incor- 

L 


' * 


Table  23 

Nutrient  Spiking  Results 


Experimental  Condition 
Initial  sample 
Incubated  (raw  water) 
Sample  + 0.7  mg  P/£ 
Sample 

+ 1.6  mg  N0^-N/£. 
Sample 

+ 1.6  mg  NH^-N/l 
Sample  + 23.0  mg  CO^/i, 
Sample  + trace  metals 
Sample  + AAP  medium 


Arcadia 


Activity* 

Enrichment** 

10,200 

— 

51,700 

1.0 

56,000 

1.08 

103,900 

2.01 

112,1+00 

2.17 

50,700 

0.98 

4o,4oo 

0.78 

1,186,400 

22.9 

Eastern 

Avenue 

Activity* 

Enrichment** 

4,600 

— 

20,300 

1.00 

1,755,600 

86.5 

22,700 

1.11 

20,700 

1.02 

27,400 

1.35 

25,300 

1.25 

147,900 

7.28 

* Net  rate  of  carbon-l4  fixation  after  4-hr  incubation  period,  counts 
per  min A hr. 

**  Ratio  of  sample  response  to  incubated  (raw  water)  response. 


Table  24 

Effects  of  Variations  of  Inflow  of  Ammonia 
On  Lake  Nitrate  Concentrations 


Lake  Nitrate 

Concentration,  mg/Jt 

Ye-ai  and  Type 

Status 

50%  Ammonia 
Increase 

Base 

50/2  Ammonia 
Decrease 

1970-Dry 

Prediversion 

10.87 

8.48 

5.95 

Postdiversion 

11.15 

8.60 

6.12 

1973-Wet 

Prediversion 

9. 66 

7.03 

4.43 

Postdiversion 

7.57 

5.59 

3.71 

Table  25 

Comparison  of  Selected  Characteristics  of  Reservoirs 
Used  in  the  Water-Quality  Evaluation 


Reservoir 

Conservation 
Pool  Depth , m 
At 

Mean  Structure 

Theoretical 

Residence 

Time 

years 

Outlet ( s ) 
Depth  from 
Bottom,  m 

Location 
with  Relation 
to  Project 

Thunderbird 

6.0 

21.3 

0.08 

8.2 

43 

km  SSE 

Arbuckle 

9.4 

28.7 

0.9 

3.4,  6.7, 
14.6 

130 

km  SSE 

Keystone 

7.7 

22.7 

0.25 

2.3,  2.3 

120 

km  NE 

Oologah 

5.7 

24.7 

0.30 

4.6,  8.1, 
18.9 

170 

km  NE 

Carl  Blackwell 

5.0 

13.5 

2.45 

0,  3.6,  7.3, 

6o 

km  NNE 

11.0 


Arcadia 


6.7 


22.0 


1.83 


Comparison  of  Dissolved  Metal  Concentrations  Measured  in  the  Deep  Fork  River 
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Table  26  (Concluded) 


' %■ 


Table  27 

Trace  Metal  Concentrations  in  the  Deep  Fork 

2 

River,  as  Reported  by  OSU 


Metal 

Average 

EPA  STORET -Arcadia 

Arcadia 

Deep  Fork 
River 

North- 

side 

Effluent 

Max 

Min 

Avg 

1/71 

4/72 

Chromium 

15 

30 

0.0 

15 

<50 

<50 

4 

<20 

Copper 

5 

10 

0.0 

5 

<50 

<50 

3 

<1000 

Iron 

112 

160 

0.0 

112 

390 

390 

1810 

700 

Lead 

30 

0.0 

0.0 

0.0 

50 

4o 

<1 

90 

Manganese 

360 

i+80 

270 

360 

200 

200 

24  0 

O 

VO 

V 

Zinc 

10 

20 

0.0 

0.8 

<5 

<50 

51 

<5000 

Cadmium 

— 

4 

0.0 

0.8 

9 

9 

<1 

<10 

Silver 

— 

— 

— 

— 

25 

25 

<1 

<50 

Mercury 

<5 

<5 

<5 

Note:  All  concentrations  in  pg/£. 


L 


ii 


Table  28 

Mercury  Concentration  Measured  in  Final  Effluent  of 
Northside  STP  and  Deep  Fork  River  near  Arcadia*  * * 


Northside 

STP 

Arcadia 

Lake 

Date 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

3-29-76 

<2 

<2 

<2 

<2 

4-5-76 

<2 

<2 

<2 

<2 

4-12-76 

<2 

<2 

<3 

<2 

4-19-76 

4 

4.5 

<2 

<2 

4-26-76 

<2 

<2 

<2 

<2 

5-3-76 

<2 

<2 

<2 

<2 

5-10-76 

<2 

<2 

<2 

<2 

5-17-76 

<2 

<2 

<2 

<2 

5-24-76 

<2 

<2 

<2 

<2 

6-1-76 

<2 

<2 

<2 

<2 

* Sampling  conducted  by  the  Oklahoma  State  Department  of  Health. 
^Concentrations  in  pg/£. 
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Table  30 


Soluble  and  Total  Concentrations  of  Metals 
in  the  Deep  Fork  River  ^7 


Metal 

Soluble 
Cone  ent  r at i on 
hg/it 

Total 

Concentration 

ug/£ 

Percentage* 

Cadmium  (Cd) 

0.93 

6.1 

16 

Chromium  ( Cr ) 

1.7 

50 

3-4 

Copper  ( Cu ) 

11 

72 

15 

Iron  (Fe) 

284 

26,000 

1.1 

Lead  (Pb) 

3.9 

220 

1.8 

Manganese  (Mn) 

399 

2,100 

19 

Zinc  (Zn) 

33 

283 

12 

Nickel  (Ni) 

4.6 

51 

9-0 

Barium  (Ba) 

105 

1,300 

8.0 

Beryllium  (Be) 

0 

2.0 

0 

Bismuth  (Bi) 

0 

0 

Cobalt  ( Co ) 

0 

17 

0 

Molybdenum  ( Mo ) 

0.67 

1.6 

42 

Silver  (Ag) 

0 

5-8 

0 

Vanadium  (V) 

6.5 

50 

13 

Tin  (Sn) 

0 

0 

Aluminum  (Al) 

413 

26,000 

1.6 

Gallium  (Ga) 

0 

6.0 

0 

Germanium  (Ge) 

0 

0 

Lithium  (Li) 

11 

46 

24 

Titanium  (Ti) 

11 

83 

13 

Zirconium  (Zr) 

0 

0 

Mercury  ( Hg ) 

0.66 

1.1 

60 

Arsenic  (As) 

— 

22 

Strontium  (St) 

1,400 

1,800 

77 

* (Soluble  Concentration/Total  Concentration)  x 100. 


Table  31 

Trace  Metal  Concentrations  in  Lake  Bufaula  and  Tributary 


Concentration,  Mg/l 


Cadmium 

Chromium 

Copper 

Iron 

Lead 

Manganese 

Zinc 

Eufaula  Site  1 

Dissolved-Surface 

1 

0 

lit 

1*0 

2 

30 

30 

-Bottom 

0 

0 

31+ 

70 

3 

20 

1*0 

Total-Surface 

20 

0 

- 20 

ll*00 

<100 

80 

1*0 

-Bottom 

<10 

0 

50 

1900 

<100 

190 

13  0 

Eufaula  Site  2 

Dissolved-Surface 

0 

0 

6 

70 

1 

20 

0 

-Bottom 

0 

0 

10 

TO 

2 

10 

0 

Total-Surface 

<10 

0 

20 

9000 

<100 

930 

100 

-Bottom 

<10 

0 

10 

5300 

<100 

370 

60 

Deep  Fork 

Tributary 

to  Lake 

Eufaula 

Dissolved-Surface 

0 

0 

8 

100 

2 

0 

30 

-Bottom 

0 

0 

10 

ll+O 

2 

0 

30 

Total-Surface 

<10 

0 

1+0 

6700 

<100 

1*10 

120 

-Bottom 

10 

0 

50 

7900 

<100 

1*60 

160 

Table  32 


Trace  Metal  Concentrations  in  Lake  Thunderbird  and  Tributary 


Concentration,  \xr/ l 


Cadmium  Chromium 

Copper 

Iron 

Lead 

Manganese 

Zinc 

Thunderbird 

Site  1 

Dissolved-Surface 

0 

0 

6 

30 

3 

0 

10 

-Bottom 

0 

0 

6 

20 

1 

20 

10 

Total-Surface 

<10 

0 

<10 

270 

<100 

20 

20 

-Bottom 

<10 

0 

10 

670 

<100 

110 

30 

Thunderbird 

Site  2 

Dissolved-Surface 

0 

0 

5 

20 

2 

0 

30 

-Bottom 

0 

0 

7 

20 

1 

0 

0 

Total-Surface 

20 

0 

<10 

300 

<100 

1*0 

30 

-Bottom 

<10 

0 

<10 

1+1*0 

<100 

20 

30 

Thunderbird  Tributary 

Dissolved-Surface 

0 

0 

2 

20 

3 

60 

0 

-Bottom 

— 

— 

— 

— 

— 

— 

— 

Total-Surface 

<10 

C 

<10 

820 

<100 

160 

10 

-Bottom 

— 

— 

— 

— 

— 

— 

— 

Table  33 

Comparison  of  Trace  Organics  Measured  in  the  I.'eep  Kirk  hiv«  r n«.-ar  Ar-ulia  with  EPA's  1976  Criteria  for  Water  Duality 


197b  Quality  Criteria 

for  Water  Protection 

fluatio  Life Water  Supply 

Percent  Per 

Camples  3am 


Sample 

Standard 


Toxic  Organic 

Samples 

Mean 

Deviation 

Min 

Max 

Criterion 

Criterion 

Criterion 

Criterion 

Lindane 

64 

0.07 

0.37 

0 

3.0 

0.01 

39 

4 

0 

Lindane  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

Chlordane 

65 

0.15 

0.32 

0 

1.7 

0.01 

52 

«« 

— 

Chlordane  in  bottom  deposits 

2 

5.5 

— 

2 

9 

— 

— 

— 

— 

DDD 

62 

0.008 

0.016 

0 

0.08 

— 

— 

— 

— 

DDD  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 



DDE 

64 

0.002 

— 

0 

0.01 

— 

— 

— 

— 

DDE  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

DDT 

64 

0.006 

0.012 

0 

0.06 

0.001 

30 

•* 

— 

DDT  in  bottom  deposits 

2 

0.75 

— 

0 

1.5 

— 

— 

— 

— 

Dieldrin 

64 

0.038 

0.027 

0 

0.13 

0.003+ 

95 

«« 



Dieldrin  in  bottom  deposits 

2 

0.95 

— 

0.6 

1.3 

— 

— 

— 

— 

Endrin 

64 

0.0003 

0.002 

0 

0.02 

0.004 

2 

0.2 

0 

Endrin  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

Heptachlor 

63 

0.002 

0.010 

0 

0.08 

0.001 

3 

•• 

— 

Heptachlor  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

Heptachlor  epoxide 

64 

0 

0 

0 

0 

— 

— 

— 

— 

Heptachlor  epoxide  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

Aldrin 

64 

0.002 

0.008 

0 

0.05 

0.003+ 

6 

•• 

— 

Aldrin  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

Diazinon 

38 

0.208 

0.236 

0 

1.2 

— 

— 

— 



Malathion 

37 

0.005 

0.017 

0 

0.09 

0.1  * 

0 

— 

— 

Parathion 

37 

0.0003 

0.002 

0 

0.01 

0.04 

0 

— 

— 

Methlyl  parathion 

36 

0.0006 

0.003 

0 

0.02 

— 

— 

— 

— 

2,lt-D 

65 

0.12 

0.19 

0 

0.66 

100 

0 

— 

— 

2,4,5-T 

65 

0.  Oh 

0.08 

0 

0.51 

— 

— 

— 



2,U,5-TP  (Silvex) 

57 

0.03 

0.07 

0 

0.30 

10 

0 

— 

— 

Toxaphene 

1 

0 

— 

0 

0 

0.001 

0 

— 

— 

PCB 

28 

0.003 

0.019 

0 

0.1 

0.001 

4 

— 

— 

PCB  in  bottom  deposits 

2 

0 

0 

0 

0 

— 

— 

— 

— 

* Units:  yg/'fl.  in  aqueous  phase,  yg/kg  in  sediments. 

**  Minimum  human  exposure, 
t Sum  of  aldrin  and  dieldrin. 
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Table  3** 

Concentration  of  Organic  Pesticides  in  the  Deep  Fork  River 

27 

near  Arcadia,  Oklahoma 


Average 

Water  Year- 
e Concentration,  pg/Jl 

Parameter 

1969-70 

1970-71 

1971-72 

1972-73 

1973-7^ 

75 

Flow  (10  in  ) 

1*3 

1*2 

32 

88 

DDT 

0.011 

0.007 

0.001 

0.00L 

0.006 

Dieldrin 

0.031 

0.028 

0.0l*5 

0.038 

0.031 

Chlordane 

0.10 

0.00 

o.oi* 

0.11 

0.20 

Lindane 

0.056 

0.321* 

0.027 

0.009 

0.009 

Heptachlor 

0.0 

0.0 

0.0 

0.0 

0.005 

Heptachlor 

epoxide 

0.0 

0.0 

0.0 

0.0 

0.0 

Loadings  of  Organic 

Table  35 

Pesticides  in  the  Deep 

Fork  River 

. 27 

near  Arcadia,  Oklahoma  1 


Water  Year-Loading,  kg 

Parameter 

1969-70 

1970-71 

1971-72 

1972-73 

1973-71+ 

Flow  (10  nT) 

1*3 

1*2 

32 

88 

75 

DDT 

0.52 

0.38 

0.02 

0.1*3 

0.72 

Dieldrin 

1.3 

1.3 

2.0 

2.9 

2.8 

Chlordane 

3.1* 

0.0 

1.2 

9-0 

22 

Lindane 

2.7 

12 

0.62 

0.51 

0.53 

Heptachlor 

0.0 

0.0 

0.0 

0.0 

0.31 

Heptachlor 

epoxide 

0.0 

0.0 

0.0 

0.0 

0.0 

r 1 


Table  36 

DDT  Residue  in  Bass  Samples  Collected  in  Lake  Eufaula 

81)  8 s 

and  Lake  Thunderbird  ’ ' ' 


Station 

Date 

Fish 

DDT 

Concentration* 

mg/kg 

Eufaula,  Deep  Fork 

1/16/72 

Cleaned  bass 

0.69 

Eufaula,  Poram  Land 

1/19/72 

Cleaned  bass 

0.1)5 

Eufaula,  N.  Canadian 

2/01/72 

Cleaned  bass 

0.18 

Thunderbird 

1/20/72 

Cleaned  bass 

0.02 

Eufaula,  Porum  Land 

1/19/72 

Whole  bass 

0.56 

Thunderbird 

1/2U/72 

Whole  bass 

0.18 

Thunderbird 

11/15/72 

Cleaned  bass 

0.08-0.115 

* No  detectable  residue 

for  aldrin. 

dieldrin,  heptachlor 

, lindane, or 

PCB. 


Table  37 

Pesticide  Residues  in  Lake  Eufaula  Fish,  1967-73^^ 


Concentration,  mg/kg  (Wet  Wt ) 

Fish 

Metabolites 

Dieldrin 

BHC 

PCB 

Whole  carp 

0.27 

0.03 

0.01 

0.29 

Whole  bluegill 

0.16 

<0.01 

<0.01 

0.15 

Whole  largemouth  bass 

0.35 

<0.01 

<0.01 

0.07 

Loadings  of  Phenols  and  Total 
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* Sampling  conducted  by  the  Oklahoma  State  Department  of  Health. 
**Units  are  in  colonies/100  ml. 
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Nutrients 

1.  Sample  values  of  nitrate,  nitrite,  ammonia,  and  total  phosphorus 
are  tabulated  in  Table  Al. 

Metals 

2.  Concentrations  of  metals  measured  in  the  water  column  and  sedi- 
ments are  tabulated  in  Table  A2 . 

Pesticides 


3.  Concentrations  of  the  pesticides  detected  in  the  water  column 
and  sediments  are  tabulated  in  Table  A3.  The  following  pesticides  were 


not  detected  in  any  sample: 


Aldrin 

DDT 

Dieldrin 
End r in 
Heptachlor 
Heptachlor  epoxide 


Lindane 

Toxaphene 

Malathion 

Methyl  parathion 

Parathion 

Silvex 


Other  Water-Quality  Parameters 


4.  Constituents  not  conveniently  classified  as  nutrients,  metals, 
or  pesticides  are  presented  in  Table  A4 . 
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APPENDIX 


B:  SAMPLE  OUTPUT  FROM  WQRRS  SIMULATION 

FOR  THE  1970  POSTDIVERSION  CASE 
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APPENDIX  C:  PREDICTED  LAKE  FISHERY 


1.  Mr.  Robert  M.  Jenkins,  Director,  Reservoir  Fisheries  Research 
Program,  U.  S.  Fish  and  Wildlife  Service,  Fayetteville,  Arkansas,  pro- 
vided an  estimation  of  the  quantity  and  quality  of  the  Arcadia  Lake 
Fishery  using  regression  procedures.  Definitions  of  types  of  reservoirs 
represented  in  the  subsamples  and  of  environmental  variables  and  compi- 
lations of  the  multiple-regression  equations  used  in  estimating  fish 
standing  crop  and  angler  harvest  and  effort  are  given  in  Tables  C1-C3. 

2.  The  following  Arcadia  Lake  characteristics  were  assumed  for  the 
regression  analyses: 


Use 

Area 

Mean  Depth 
Maximum  Depth 
Fluctuation 
Storage  Ratio 
Shore  Development 
Dissolved  Solids 
Growing  Season 
Chemical  Type 


Nonhydropower , 
chemical  types  2 and  4* 
1278  ha 

6.7  m 
22  m 
2.4  m 

1.8 

5.2 

410  mg/2. 

220  days 
4 


3.  Because  of  initial  uncertainty  of  thermocline  and  outlet  depths, 
three  analyses  were  conducted  for  three  combinations  of  thermocline  and 
outlet  depths.  The  three  combinations  follow: 


Depth,  m 

Thermocline  Outlet 

3.6  3 

6.1  9 

6.1  15 

4.  Subsequent  thermal  simulations  using  alternative  outlet  works 
suggested  that  the  thermocline  depth  would  be  5 to  7 m and  that  the 
average  outlet  depth  would  be  3 m.  However,  suggested  outlet  works 
were  capable  of  withdrawing  water  at  several  depths,  so  specification 


* Chemical  type  2 - most  of  the  dissolved  solids  are  composed  of 
calcium-magnesium,  sulfate-chloride . 

Chemical  type  4 - most  of  the  dissolved  solids  are  composed  of 
sodium-potassium,  sulfate-chloride . 

Cl 


of  a single  outlet  depth  is  difficult.  The  following  discussion  of 
the  lake  fishery  is  based  on  a thermocline  depth  of  6 m and  outlet 
depth  of  9 m. 

Predicted  Standing  Crop 

5.  Thermocline  depth  is  negatively  related  and  total  dissolved 
solids  is  positively  related  to  standing  crop.  Using  Equation  3 pre- 
sented in  Table  C2,  the  total  standing  crop  in  Arcadia  Lake  was  pre- 
dicted to  increase  from  260  kg/ha  in  the  first  year  of  impoundment  to 
420  kg/ha  at  age  100. 

6.  An  estimation  of  total  standing  crop  based  on  dissolved  solids 
was  290  kg/ha  (Equation  4) . An  estimation  based  on  the  same  variable 
but  restricted  to  impoundments  of  the  same  chemical  cype  as  Arcadia  was 
200  kg/ha  (Equation  10).  Of  the  total  standing  crop,  74  kg/ha  would  be 
clupeids  (Equation  19)  and  64  kg/ha  would  be  sport  fish  (Equation  20) . 
The  remaining  standing  crop  primarily  would  be  carp,  redhorse,  carp- 
sucker,  and  drum. 


Predicted  Angler  Harvest  and  Effort 

7.  Sport  fish  harvest  (Equation  D from  Table  C3)  would  be  expected 

to  decrease  from  47  kg/ha  shortly  after  impoundment  to  13  kg/ha  after 

100  yr  with  a mean  over  the  100-yr  period  of  18  kg/ha.  Results  from  a 

study  by  Jenkins  and  Morais  indicate  that  average  angler  harvest  equals 

126 

about  35  percent  of  the  standing  crop  of  sport  fishes  including  carp. 
Roughly  60  percent  of  the  top  predators,  25  percent  of  the  panfish,  and 
20  percent  of  the  catfish  and  carp  normally  are  harvested  annually. 
Estimated  black  bass  harvest  decreased  from  8 kg/ha  following  impound- 
ment to  2 kg/'ha  at  age  100  (Equation  M)  . Similarly,  sunfish  harvest 
decreased  from  14  kg/ha  to  less  than  1 kg/ha  (Equation  N) . 

8.  The  100-yr  mean  for  angler  effort  was  82,000  days/yr 
(Equations  E and  H) , and  expected  angler  days/ha  was  64. 

* Raised  numerals  refer  to  similarly  numbered  items  in  References  at 
end  of  main  text. 
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Table  Cl 


IV  rin 

All 

With  thermocline 
Chemical  type  1 

Chemical  type  2 
Chemical  type  3 
Chemical  type  4 
Hydropower  storage 

Hydropower  mainstream 

Nonhydropower 

"Selected"  reservoirs  (Formula 

"Mountain"  reservoirs 
R2 

Area 

Mean  depth 
Outlet  depth 
Thermocline  depth 

Fluctuat ion 
Storage  ratio 

Shore  development 

Total  dissolved  solids 
Growing  season 
Age  of  reservoir 
Standing  crop 

Clupeids 

Sport  fish  harvest 
Commercial  fish  harvest 


Definitions  of  Types  of  Reservoirs  Represented  in  Subs « U > 
and  of  I n v i ronmeii  t a 1 Variables 


Definition 

Total  sample,  representing  all  types  of  reservoirs. 

Reservoirs  in  sample  which  form  a stable  thermocline  ( 1°C  in  temperature  per  metre) 

Most  of  the  dissolved  solids  in  the  reservoir  water  are  composed  of  calcium-magnesium, 
carbonate-bicarbonate  (see  Rainwater,  F.  H.,  1962,  Hydrologic  Invest.  Atlas  HA-61, 

Plate  2). 

Most  of  the  dissolved  solids  are  composed  of  calcium-magnesium,  sulfate-chloride. 

Most  of  the  dissolved  solids  are  composed  of  calcium-potassium,  carbonate-bicarbonate. 

Most  of  the  dissolved  solids  are  composed  of  sodium-potassium,  sulfate-chloride. 

Reservoirs  with  hydroelectric  power  generation  operation  and  with  storage  ratio  less  than 
0.165  (water  exchange  less  than  once  in  60  days). 

Reservoirs  with  hydroelectric  power  generation  operation  and  with  storage  ratio  less  than 
0.165  (water  exchange  greater  than  once  in  60  days). 

Reservoirs  in  sample  which  do  not  have  hydroelectric  generation  function  (flood  control, 
irrigation,  water  supply,  recreation  reservoirs). 

Reservoirs  less  than  70,000  acres,  with  total  dissolved  solids  less  than  600  ppm,  and 
growing  season  greater  than  140  days. 

Hydro-hydropower  reservoirs  in  the  Great  Smoky,  Ozark,  and  Ouachita  Mountains. 

Coefficient  of  determination  (portion  of  total  variability  explained  by  formula);  Pr  * 
the  probability  of  obtaining  an  F this  large  or  larger  by  chance  when  the  hypothesis 
of  no  correlation  is  true;  N * the  number  of  reservoirs  in  sample. 

Surface  area  in  acres  at  average  annual  pool  level  when  data  are  available;  otherwise, 
use  power,  conservation,  summer,  or  operating  pool  area. 

In  feet,  at  listed  area. 

Midline  depth,  in  feet,  of  outlet. 

In  feet  of  top  of  thermocline  (water  temperature  change  of  l°C/oetre  or  more)  on  or 
about  1 August. 

Mean  annual  vertical  fluctuation  of  reservoir  water  surface  level  in  feet. 

The  ratio  of  the  reservoir  water  volume  in  acre-feet  (at  the  surface  area  listed)  to 
the  average  annual  discharge  in  acre-feet. 

The  ratio  of  shoreline  length  to  the  circumference  of  a circle  equal  in  area  to  that 
of  the  reservoir. 

Residue  on  evaporation  at  180°C  in  ppm. 

Average  number  of  days  between  first  and  last  frost. 

In  years,  following  closure  of  dam. 

Estimated  crop  of  fish  in  pounds  per  acre  as  determined  by  recovery  of  fishes  from 
coves  or  open-water  areas  enclosed  by  blockoff  nets  following  application  of  rotenone. 

Gizzard  shad,  threadfin  shad,  blueback  herring,  Alabama  shad,  skipjack  herring,  alewlfe. 

Estimated  harvest  of  fishes  by  sport  fishermen,  in  pounds  per  acre  per  year. 

Estimated  harvest  by  commercial  fishermen  or  rough  fish  removal  crews,  primarily  by 
gill  and  trammel  nets  and  seines,  in  pounds  per  acre  per  year. 


«***• 
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Kt'scrvojj  Kish  Standing  Crop  Estimation  Equations 


Descript  ion  and  Equal ion  * 


Estimation  of  total  standing  crop  - all  reservoir  types 

log  (total  standing  crop  in  pounds  per  acre)  - 1.9907  + 0.5690  (log  (dissolved  solids  in  ppm/mean  depth  in  ieetj;- 
0.2831  (log  (dissolved  solids  in  ppm/mean  depth  in  feet))2 


Estimation  of  total  standing  crop  - all  reservoir  types 

log  (total  standing  crop  in  pounds  per  acre)  * 1.6720  + 0.1776  log  (outlet  depth)  + 0.6925  log  (dissolved  solids/ 
mean  depth)  - 0.2458  (log  (dissolved  solids/mean  depth))2 


Estimation  of  total  standing  crop  in  reservoirs  with  a stable  thermocline 

log  (total  standing  crop)  = 1.7589  - 0.405  log  (thermocline  depth)  + 0.432  log  (dissolved  solids)  + 0.106  log  (age) 


Estimation  of  total  standing  crop  in  reservoirs  with  a stable  thermocline 

2 

log  (standing  crop)  * -0.4016  + 2.2100  log  (dissolved  solids)  - 0.4326  (log  (dissolved  solids)) 


Estimation  of  total  standing  crop  in  hydropower  storage  reservoirs 

log  (total  standing  crop)  = -0.6126  + 2.3658  log  (dissolved  solids)  - 0.46  (log  (dissolved  solids))* 


Estimation  of  total  standing  crop  in  hydropower  storage  reservoirs 

log  (total  standing  crop)  = -0.1582  - 0.1446  log  (outlet  depth)  + 2.1301  log  (dissolved  solids)  - 0.3869  (log 
(dissolved  solids))2 


Estimation  of  total  standing  crop  in  hydropower  mainstream  reservoirs 

log  (total  standing  crop)  ■ -0.6150  + 2.2521  log  (dissolved  solids)  - 0.3762  (log  (dissolved  solids))*' 


Estimation  of  total  standing  crop  in  hydropower  mainstream  reservoirs 

log  (standing  crop)  = -2.4916  + 0.07354  log  (age)  + 0.7432  log  (growing  season)  + 2.2673  log  (dissolved  solids)  - 
0.3681  (log  (dissolved  solids))2 

N - 52  R2  - 0.73  Pr  - ■ ltf8 

Estimation  of  total  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  1 and  3 

log  (total  standing  crop)  - 1.2867  + 0.1275  log  (age)  + 0.1373  log  (area)  + 0.7027  log  (dissolved  s<  lids /mean 
depth)  - 0.2459  (log  (dissolved  solids/mean  depth))2 


Estimation  of  total  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  2 and  4 

log  (total  standing  crop)  * -0.9914  + 2.3317  log  (dissolved  solids)  - 0.417  (log  (dissolved  solids))*- 


Pr  - 1.8  * 10 


Estimation  of  total  standing  crop  minus  clupeids  in  hydropower  storage  reservoirs 

Standing  crop  less  clupeids  * -108.2  + 70.32  log  (growing  season)  + 55.48  log  (storage  ratio)  + 20.7  log 
(fluctuation)  + 77.61  log  (dissolved  solids/mean  depth)  + 24.1  (log  (dissolved  solids/mean  depth))2 


Pr  = 1.3  ■ 10 


12  Estimation  of  total  standing  crop  minus  clupeids  in  hydropower  mainstream  reservoirs 

Standing  crop  less  clupeids  * -352.7  + 308.9  log  (dissolved  solids)  - 32.42  (log  (dissolved  solids))"- 
S ■ 49  R2  * 0.51  Pr  - 1.5  « 10" 

13  Estimation  of  total  standing  crop  minus  clupeids  in  nonhydropower  reservoirs  of  chemical  types  1 and  3 

iog  (standing  crop  less  clupeids)  ■ 0.4299  ♦ 0.1074  log  (area)  - 0.3491  log  (mean  depth)  + 0.0906  (outlet 
depth)  ♦ 0.2694  log  (shore  development)  + 1.1953  log  (dissolved  solids)  - 0.2617  (log  (dissolved  solids))2 

N - 44  R2  - 0.35  Pr  - 0.01 

(Cont  inued) 

*1  piat  i-»ns  arc  based  -t  the  l.  S.  « u*.t  '-mury  system  1 measures  (mctrl.  svstem  equations  are  also  available).  A table  for 
•Mv.-rtinc  . I'lHiemorv  units  of  measurement  to  met  r it  (SI)  units  in  be  found  on  pact-  12.  All  data  transformed  t • 

...  |()  1 v . ir  it  line-  . The  equations  were  derived  from  data  n U.  S.  reservoirs  greater  than  500  acres  in  area. 


r 


table  C2  (Con t f nu^d  ) 


Equut ion 
\ uut  . I 


Pescrlpt  ion  and  Kquat  ion* 

Estimation  of  standing  crop  less  clupeids,  in  nonhydropower  reservoirs  of  chemical  types  2 and  4 

log  (standing  . rop  less  clupeids)  ■ 1.7499  + 0.276ft  log  (outlet  depth)  - 0.1866  log  (shore  development)  ♦ 0.00984 
log  (dissolved  solids) 

N - 20  K2  - 0.60  Pr  - 0.0018 

Estimation  of  standing  crop  minus  clupeids  in  reservoirs  without  a stable  thermoc 1 Ine 

log  (standing  crop  less  clupeids)  » -2.0027  - 0.454  log  (maximum  depth)  + 0.391  log  (outlet  depth)  + 0.257  log 
(dissolved  solids)  4-  1.572  log  (growing  season) 

N - 51  K2  - 0.44  Pr  - 2.1  ' 10"5 

Estimation  of  clupeid  standing  crop  in  hydropower  storage  reservoirs 

log  (clupeid  standing  crop)  * -4.12  - 0.2355  log  (outlet  depth)  + 5.7302  log  (dissolved  solids)  - 1.2263  (log 
(dissolved  sol ids) )2 

N = 40  K2  - 0.61  Pr  « 3.1  * 10~7 

Estimation  of  clupeid  standing  crop  in  hydropower  mainstream  reservoirs 

log  (clupeid  standing  crop)  = 0.065  4-  0.2114  log  (fluctuation)  + 1.1572  log  (dissolved  solids)  - 0.1317  (log 
(dissolved  solids))^ 

N =49  K2  = 0.48  Pr  = 2.4  * 10"6 

Estimation  of  clupeid  standing  crop  in  uonhydropower  reservoirs  of  chemical  types  1 and  3 

log  (clupeid  standing  crop)  = 0.7041  + 2.47  log  (dissolved  solids/mean  depth)  - 1.1595  (log  (dissolved  solids/ 
mean  depth) )^ 

S - 44  R2  ■ 0.40  Pr  - 4.5  « 10"5 

Estimation  of  clupeid  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  2 and  4 

log  (clupeid  standing  crop)  = 0.6209  - 0.1875  log  (area)  + 0.3114  log  (fluctuation)  4-  1.1153  log  (dissolved 
sol  ids)  - 0.1962  (log  (dissolved  solids))2 


Estimation  of  sport  fishing  standing  crop  (trout,  pickerels,  pike,  catfishes,  bullheads,  white  bass,  sunfishes, 
black  basses,  crappies,  sauger,  walleye)  - all  reservoir  types 

log  (sport  fish  standing  crop  in  pounds  per  acre)  = 1.7183  + 0.3583  log  (dissolved  solids/mean  depth)  - 0.2585 
(log  (dissolved  solids/mean  depth))2 

N =140  R2  = 0.16  Pr  ■ 1.3  * 10~5 

Estimation  of  sport  fish  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  2 and  4 

log  (sport  fish  standing  crop  4-  1)  = -2.914  - 0.8984  log  (maximum  depth  + 1)  + 0.4996  Jog  (outlet  depth  + 1) 

♦ . . ! 88  log  (dissolved  lids  + 1)  - 1 .0206  (log  (dissolved  solids  + 1))^ 

N =26  R2  = 0.80  Pr  * 7.2  * 10‘7 

Estimation  of  black  ki.s  standing  crop  in  hydropower  storage  reservoirs 

lug  (black  bass  standing  crop)  = -4.4928  4-  2.1242  log  (growing  season)  + 0.2438  log  (storage  ratio)  + 0.4308  log 
(fluctuation)  + 0.14304  log  (dissolved  solids)  - 0.1646  (log  (dissolved  solids)  )2 

N * 44  R2  = 0.28  Pr  » 0.026 

Estimation  of  black  bass  standing  crop  in  hydropower  mainstream  reservoirs 

log  (black  bass  standing  crop)  = -5.6304  + 2.6989  log  (growing  season)  + 0.2575  log  (dissolved  solids/mean 
depth)  + 0.0408  (log  (dissolved  solids/mean  depth))^ 


N = 50  R * 0.29 

Estlmatiu.  >f  Mack  bass  standing  crop  In  nonhydropower  reservoirs  of  chemical  types  1 and  3 


Pr  = 0.0011 


log  (black  bass  standing  crop)  = -11.2534  4 0.5649  log  (mean  depth)  + 0.1979  log  (outlet  depth)  + 3.6879 
log  (growing  season)  4 1.1325  log  (dissolved  solids)  - 0.8234  (log  (dissolved  solids))2 

N - 47  R2  = 0.37  Pr  = 0.0016 

Estimation  of  largemouth  bass  standing  crop  In  hydropower  storage  reservoir 

log  (largemouth  bass  standing  crop  4-  1)  = -5.3553  + 2.7328  log  (growing  season  + 1)  + 0.3838  log  (storage 

r.  -4  l)  - 0.4317  log  (thermocline  depth  4-1  ) 4 0.3185  log  (fluctuation  4-  1) 

N - 44  R2  - 0.34  Pr  « 0.0025 


* V 


Tab  lb  C2  (Concluded) 


Description  and  Equation* 

Estimation  of  largemouth  baas  standing  crop  In  hydropower  mainstream  reservoirs 

log  (largemouth  bass  standing  crop  ♦ 1 ) ■ -7.3057  + 0.1267  log  (age  + 2)  + 2.6738  log  (growing  season  + 1)  + 2.0599 
(storage  ratio  + 1)  + 1.3181  log  (dissolved  solids  + 1)  - 0.2117  (log  (dissolved  solids  + 1))* 

N - 50  K2  “ 0.35  Fr  - 0.0014 

27  tstlm.it  Ion  of  largemouth  bass  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  1 and  3 

log  (largemouth  bass  standing  crop  + 1)  * -7.6987  + 0.2780  log  (outlet  depth  + 1)  + 0.2772  log  (shore  development  + 
1)  + 2.5871  log  (growing  season  + 1)  - 0.2025  log  (fluctuation  + 1)  + 2.5711  log  (dissolved  solids  + I)  - 0.6710 
(log  (dissolved  solids) 

N - 46  R2  = 0.36  Hr  « 0.005 

28  Estimation  of  largemouth  bass  standing  crop  in  nonhydropower  reservoirs  of  chemical  types  2 and  4 

log  (largemouth  bass  standing  crop  + 1)  = -0.1787  + 0.3775  log  (mean  depth  + 1)  - 0.9500  log  (maximum  depth  + 1)  + 
0.2669  log  (outlet  depth  + 1)  + 1.478  log  (dissolved  solids  + 1)  - 0.269  (log  (dissolved  solids  + 1))2 

N - 30  R2  - 0.36  Pr  - 0.04 

29  Estimation  of  spotted  bass  standing  crop  in  hydropower  mainstream  reservoirs 

log  (spotted  bass  standing  crop  + 1)  = -8.9625  + 0.2283  log  (area  + 1)  + 2.7227  log  (mean  depth  + 1)  - 4.5815  log 
(maximum  depth  + 1)  + 0.8527  log  (outlet  depth  + 1)  + 5.0895  log  (growing  season  + 1) 

N - 22  R2  - 0.56  Pr  » 0.015 


Equal  ion 
Number 

26 


30  Estimation  of  smallmouth  bass  standing  crop  in  hydropower  reservoirs 

log  (smallmouth  bass  standing  crop  + 1)  * -9.9429  + 0.5968  log  (age  + 2)  + 0.3726  log  (mean  depth  + 1)  - 0.0038 
log  (shore  development  1)  + 0.06652  log  (fluctuation  + 1)  - 0.1037  log  (dissolved  solids  + 1) 

N - 36  R2  - 0.35  Pr  * 0.02 

31  Estimation  of  smallmouth  bass  standing  crop  in  hydropower  mainstream  reservoirs 

log  (smallmouth  bass  standing  crop  + 1 ) * -5.4005  + 2.2626  log  (age  + 2)  + 0.2689  log  (fluctuation  + 1)  + 2.8760 
log  (dissolved  solids  + 1)  - 0.9665  (log  (dissolved  solids  + 1))2 

N - 11  R2  - 0.77  Pr  • 0.04 


Equal ion 
Number 


Keservui r Angler  Report  and  Harvest  Kstjm.it  ion 

Descr ipt  ion  and  Equation* ________  ___ 

Estimation  of  total  annual  sport  fish  harvest  - all  reservoir  types 

log  (sport  fish  harvest)  - 0.61  ♦ 1.2)3  (M)  - 0.4/74  (log  (M))2  where  M * dissolved  sol ids/t hermoc 1 ine  depth 
(or  mean  depth  if  a stable  thermoeline  is  not  formed) 


Estimation  of  annual  har< 


K - 0.28 

st  of  block  basses  - all  reservoir  types 


log  (black  bass  harvest)  - -22.08  4 16.649  log  (growing  season)  - 2.9868  (log  (growing  season)) 

N - 82  K2  - 0.23  Pr  - 6.0  * I 

Estimation  of  annual  harvest  of  sunflshes  - all  reservoir  types 

2 

log  (suniish  harvest)  - 544.3  - 699.76  log  (growing  season)  4 298.16  (log  (growing  season))  - 42.0805  (log 
(growing  season)) ^ 

2 


71 


Estim.it  ion  of  total  annual  sport  fish  harvest 


0.18 

ill  reservoir  types 


Pr  - 0.005 


log  (total  sport  fish  harvest)  > -0.8104  - 0.2266  log  (area)  4 0.2090  log  (dissolved  solids)  + 1.1432  log 
(growing  season)  - 0.2713  log  (age) 

2 


N - 103  R - 0.22 

Estimation  of  total  annual  sport  fish  harvest  - selected  re 


Pr  - 7.2 


oir  types  (see  definition  "j") 


log  (total  sport  fish  harvest)  - -0.3892  - 0.1519  log  (area)  + 0.2027  log  (dissolved  solids)  + 0.9796  log 
(growing  season)  - 0.3055  log  (age) 

„2 


,-8 


0.69  Pr  - < 10 

Estimation  of  annual  sport  fish  harvest  In  reservoirs  located  in  the  Ozark,  Smoky,  and  Cumberland  Mountains 

log  (total  sport  fish  harvest)  » -1.0329  - 0.2637  log  (area)  4 0.6297  log  (thermoeline  depth)  + 1.3329  log 
(dissolved  solids)  - 0.1722  log  (age) 

N - 11  R2  - 0.84  Pr  - 0.015 

Estim.it  Ion  of  annual  sport  fish  harvest  in  terms  of  fish  per  acre  - all  reservoir  types 

log  (number  of  sport  fish  harvested  per  acre)  ■ 0.2894  - 0.3437  log  (area)  + 1.2296  log  (growing  season)  - 
0.3761  log  (age) 


Estimation  of  annual  sport  fish  harvest  rate  in  terms  of  pounds  harvested  per  angler-hour  of  effort  - all 
reservoir  types 

log  (pounds/angler-hour)  - -0.7579  + 0.1187  log  (area)  - 0.1036  log  (storage  ratio)  - 0.1285  log  (age) 

N - 103  R2  ■ 13  Pr  ■ 0*00 

Estimation  of  total  annual  harvest  based  on  total  angler  effort  - all  reservoir  types 

log  (total  sport  fish  harvest  in  pounds/acre)  * -0.2613  + 0.8935  log  (total  annual  angler-hours/acre) 

N - 103  R2  - 77  Pr  - < 10 

Estimation  of  total  annual  angler  effort  - all  reservoir  types 

log  (annual  angler  days/acre)  - -3.3925  + 0.9473  log  (area)  - 0.1729  log  (area)2  + 0.2387  log  (dissolved 
solids)  4 1.1936  log  (growing  season) 

B2 


0.32 


Pr 


ercial  fish  harvest  -all  reservoir  types 


N - 103 

Estimation  of  annua 

log  (commercial  harvest)  - 6.4819  - 0.492  log  (mean  depth)  - 0.231  log  (fluctuation)  - 0.204  log  (storage 
ratio)  - 2.453  (log  growing  season)  + 0.482  log  (age) 

S - 45  R2  - 0.48  Pr  - 9.0  * 10  5 

Estimation  of  total,  annual  sport  fish  harvest  - all  reservoir  types 

log  (total  sport  fish  harvest)  - -2.0407  + (10  divided  by  square  root  of  area)  4 0.152  log  (shore  development) 

+ 0.339  log  (dissolved  solids)  + 1.023  log  (growing  season)  - 0.289  log  (age) 


Pr 


N « 116  R - 0.25 

Estimation  of  black  bass  harvest  - all  reservoir  types 

log  (black  bass  harvest)  - -5.8541  - 0.08691  log  (area)  + 2.9994  log  (growing  season)  - 0.3336  log  (age) 

N » 103  R2  - 0.29  Pr  - 8.0 

Estimation  of  sunflsh  harvest 

log  (sunflsh  harvest)  - -4.2043  - 0.4669  log  (area)  4 2.957  log  (growing  season)  - 0.6178  log  (age) 

_2 


N - 103 


R - 0.45 


Pr 


•Equations  are  based  on  the  U.  S.  customary  system  of  measures  (metric  system  equations  are  also  available).  A 1 1 " "T 
Ynv.rtlng  U.  S.  customary  units  of  measurement  to  metric  (SI)  units  ran  be  found  on  page  1?.  All  data  transformed  to 
has.  10  logarithms.  The  equations  were  derived  from  data  on  U.  S.  reservoirs  greater  than  500  acres  in  area. 


Introduction 


■ r 


1.  On  16  March  1976  fish  samples  for  lead,  mercury,  and  pesticides 
analyses  were  received  from  the  Tulsa  District.  The  fishes  to  be  ana- 
lyzed were  obtained  by  electrofishing  in  Deep  Fork  Creek  at  the  Arcadia 
Reservoir  site  in  Oklahoma.  Samples  were  received  on  ice,  given  sample 
numbers  for  identification,  and  immediately  deep-frozen  in  a freezer 
located  in  the  Analytical  Water  Quality  Laboratory  of  the  Department  of 
Biological  Sciences,  North  Texas  State  University  (NTSU) . 

2.  The  analyses  were  carried  out  during  the  period  from  16  March 
to  9 April  1976.  Determinations  of  lead  and  mercury  concentrations  in 
fish  tissues  and  viscera  and  whole  fish-pesticide  extractions  were 
completed  in  the  NTSU  Analytical  Water  Quality  Laboratory.  Pesticide 
analyses  in  extracted  samples  were  finished  in  the  Trace  Organics 
Laboratory,  Institute  of  Applied  Science,  NTSU. 

Analytical  Procedures 

3.  After  an  approved  operating  procedure  was  designated,  fish 

samples  were  thawed  and  separated  for  pesticides  and  metals  analyses. 

Specific  identification  of  each  fish  was  verified  using  key  characters 
, 127* 

given  in  Eddy. 

Lead  analysis 

4.  Fish  tissue  and  viscera  were  ground  separately  with  a Lab  Line 

tissue  grinder,  and  0. 5-1.0  g of  each  sample  was  placed  in  30  ml  of 

deionized  water  containing  10  ml  of  a 4:1  mixture  of  30-percent  hydrogen 

peroxide  (H^O^)  and  70-percent  nitric  acid  (HNO^).  The  samples  were 

then  placed  in  quartz  containers  and  digested  with  a 1200  W mercury  arc 

UV  lamp  according  to  a modification  of  the  procedure  outlined  by 

128 

Strickland  and  Parsons.  Samples  were  then  irradiated  until  clear, 


NOTE:  Appendix  D was  prepared  by  Dr.  Jack  A.  Stanford  and  Sandra  A. 

Zimmerman,  Analytical  Water  Quality  Laboratory,  Department  of 
Biological  Sciences,  North  Texas  State  University,  Denton,  Texas. 
* Raised  numbers  refer  to  similarly  numbered  items  in  References  at 
end  of  main  text. 
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cooled  to  room  temperature,  and  brought  to  a k'^own  volume.  Lead  was 
measured  on  the  Perkin  Elmer  atomic  absorption  spectrophotometer 
(Model  360)  utilizing  the  Perkin  Elmer  HGA  2100  graphite  furnace  attach- 
ment. The  instrument  was  operated  in  the  concentration  mode  and  cali- 
brated using  various  dilutions  of  certified  atomic  absorption  lead 
standard.  Lead  in  the  sample  solutions  was  read  directly  from  the 
instrument  in  the  peak  mode  and  peak  heights  were  recorded  on  a Beckman 
strip-chart  recorder.  Replicate  50-pi  samples  were  injected  into  the 
furnace  and  the  average  value  was  reported  along  with  standard  deviations. 
Mercury  analysis 

5.  Fish  tissue  and  viscera  were  ground  separately  with  a Lab  Line 
tissue  grinder,  and  0.5  g of  each  was  digested  in  sulfuric  acid- 
permanganate  solution  to  convert  all  mercury  present  to  inorganic  mercury 
salts.  The  digested  tissues  were  then  placed  in  a closed  vessel  con- 
taining a solution  which  reduced  the  inorganic  mercury  salts  to  elemental 

mercury,  according  to  a modification  of  the  procedures  by  Hatch  and 

129  130 

Ott  as  outlined  by  Uthe,  Armstrong,  and  Stainton.  Nitrogen  gas 

carried  the  volatilized  mercury  from  the  closed  vessel  to  a 10-cm  cell 

mounted  in  a Perkin  Elmer  atomic  absorption  spectrophotometer  (Model  360) 

where  absorption  was  measured.  A calibration  curve  was  prepared  using 

various  dilutions  of  certified  atomic  absorption  mercury  standard  and  a 

reagent  blank.  Mercury  in  the  sample  solutions  was  read  directly  from 

the  calibration  curve. 

Pesticide  analysis 

6.  Whole  fish  weighing  20-30  g were  ground  in  a high-speed  blender 

for  2 min.  Pesticides  were  extracted  with  acetonitrile  and  transferred 

into  petroleum  ether  according  to  the  procedures  outlined  in  Volume  I of 

131 

Pesticide  Analytical  Manual. 

7.  Chemical  residues  were  separated  from  coextracted  material  by 

Florisil  column  chromatography.  Residues  were  eluted  with  methylene 

chloride  in  hexane  (Eluant  1)  for  recovery  of  chlordane,  pp'  DDT,  and 

lindane,  and  a mixture  of  methylene  chloride,  acetonitrile,  and  hexane 

(Eluant  2)  was  used  for  recovery  of  dieldrin  and  heptachlor  epoxide  in 

132  133 

accordance  with  the  methods  described  by  Mills  and  Mills  et  al. 


8.  Pesticides  were  measured  by  sample  injections  into  a Tracor 
Model  560  gas  chromatograph  equiped  with  a Ni  63  electron  capture 
detector.  The  column  used  was  1.82  m long  by  2 mm  wide  (inside  diameter) 
and  was  packed  with  1 . 950V210/1. 500Vi7  on  Chromosorb  W-HP,  110/120  mesh. 
The  carrier  gas  (90-percent  argon  - 10-percent  methane)  was  maintained  at 
a flow  rate  of  20  ml  min  ^ . Injection  port  temperature  was  held  at 
230°C;  column  oven  and  detector  temperatures  were  200  and  300°C, 
respectively.  Sample  aliquots  of  5 pi  were  injected  into  the  instrument 
and  pesticide  peaks  observed  on  a strip-chart  recorder. 

9.  Pesticide  residues  were  identified  by  chromatograph  comparison 
with  reagent  blanks,  a combination  pesticide  standard  (Analab),  and  a 
chlordane  pesticide  standard  (EPA) . Pesticide  concentrations  in  the 
fishes  were  quantified  by  peak  area  ratios  of  a spiked  sample  to  whole- 
fish  samples.  The  spiked  sample  consisted  of  100  mg  of  ground  catfish 

( Iotalurus  melas)  tissue  and  known  concentrations  of  pesticide  standards. 
Quality  control 

10.  Quality  control  was  monitored  during  metal  analyses  by  periodic 
checks  with  standards,  replicate  runs  whenever  possible,  and  quantifica- 
tion of  spiked  samples.  However,  replicates  on  samples  for  mercury 
analyses  were  not  possible  due  to  the  small  amount  of  sample  remaining 
after  the  grinding  process  as  compared  to  the  quantity  of  sample  re- 
quired for  the  analysis.  Standards  were  run  every  fourth  sample  during 
this  analysis  to  ensure  that  instrumental  parameters  were  stabilized. 
Analytical  precision  for  lead,  expressed  in  standard  deviations,  is  given 
in  Table  Dl.  Analytical  efficiency  was  assured  by  spiking  samples  with 
known  concentrations  of  standards  followed  by  determination  of  percent 
recovery.  A fish  sample  containing  a 0.00A  pg  g ^ Hg  was  spiked  with 
0.100  yg  g ^ Hg  standard;  0.096  pg  g 1 Hg,  or  92  percent  was  recovered. 
Two  fish  viscera  samples  containing  2.88  pg  g ^ Pb  were  spiked  with  1.00 
and  2.00  pg  g ^ Pb  standards;  recoveries  were  3.88  pg  g ^ Pb  (100  per- 
cent) and  A. 81  pg  g ^ Pb  (99  percent),  respectively.  Thus,  the  analyses 
were  accurate  as  well  as  precise. 

11.  Pesticides  were  quality  controlled  by  running  replicate 
standards,  reagent  blanks,  and  a spiked  sample.  The  spiked  sample  was 


used  to  determine  concentration  levels  in  fish,  thereby  masking  any 
matrix  interference.  Sample  replicates  could  not  be  run  due  to  lack  of 
sufficient  fish  tissue. 


Results 


12.  Concentrations  of  metals  and  pesticides  in  the  fish  samples 
are  given  in  Tables  D1  and  D2.  (Heptachlor  epoxide  is  reported  along 
with  the  four  pesticides  requested  by  the  Corps.) 


Summary 


13.  Lead  concentrations  in  the  fish  samples  ranged  from  0.20  to 
1.12  Mg  g ^ in  tissue  and  from  0.94  to  2.87  pg  g ^ in  viscera.  Ranges 
in  mercury  concentrations  were  0.05  to  0.79  pg  g ^ in  tissue  and  from 
below  detection  to  0.40  pg  g ^ in  viscera. 

14.  Nearly  all  pesticides  in  standard  solutions  were  present  in 

varying  concentrations  in  the  fish  samples.  However,  only  values  for 
heptachlor  epoxide  were  reported  (range:  0.33  - 2.70  pg  g ^) , which 

were  quite  high,  in  addition  to  lindane  (range:  B/D*  - 0.043  pg  g ^), 

chlordane  (range:  0.28  - 11.00  Mg  g ^) , dieldrin  (range:  0.003  - 

0.039  yg  g , and  pp 1 DDT  (range:  0.003  - 0.039  Mg  g ’*’)  • Analyses  of 

the  latter  four  pesticides  were  specifically  requested  by  the  Corps. 


.V 


Table  D1 


' *■ 


NOTE:  Analytical  precision  for  lead  is  given  in  ± standard  deviations. 

* Expressed  as  ug/g  wet  weight. 

**  Below  detection  limit. 
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In  accordance  with  IS  70-2-3,  paragraph  6c(l)(b), 
dated  15  February  1973 j a facsimile  catalog  card 
In  Library  of  Congress  format  la  reproduced  belov. 
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